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INTRODUCTION 

Tundra environments provide extremely severe con- 
ditions for plant growth. They are characterized by 
a short cold growing season of two to three months 
and a long bitter winter. In North America, such 
environments occur from the northernmost parts of 
Greenland, Canada, «nd Alaska along the mountain 
crests as far south as Mexico. Gradients of latitude 
and elevation throughout this extensive range create 
significant environmental differences between the are- 
tie tundra of the north and the alpine tundra of the 
south. Length of photoperiod, amount of ultraviolet 
radiation received, wind force, and magnitude of 
diurnal temperature fluctuations are outstanding dis- 
similarities between the superficially similar environ- 
ments. Bliss (1956) has ealled attention to these 
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SUMMARY 


LITERATURE CITED 

differences, and many others of a lesser magnitude, 
in his comparison of microenvironments and plant 
development in arctic and alpine tundras. 

In spite of these environmental gradients, certain 
aretic-alpine plant species are widely distributed 
throughout the tundra regions of the northern hem- 
isphere. These plants are low elevation-cireumpolar 
in the north and high elevation-alpine in the great 
mountain systems of temperate North America and 
Eurasia. 

The question arises, “How are aretic-alpine species 
able to grow in such diverse environments?” Are 
they so ecologically plastic that any given member of 
each population would be able to tolerate all of the 
possible environmental combinations presented by 
aretie and alpine habitats? Or, are these species 
composed of ecological races or ecoclines, each adapted 
to different aspects of the tundra environment? 
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Either solution is theoretically possible, as is a com- 
bination of both. Up to now, there has not been 
enough available evidence to answer either question. 
However, the results of Turesson (1930) and Clausen, 
Kecko& Hiesey (1948) with wide-ranging species in 
more temperate environments would tend to favor the 
second solution. 

In an attempt to answer such questions, the en- 
vironmental requirements of a series of aretie and 
alpine populations of a selected species, O.ryria 
(“alpine sorrel’), were investigated. The 
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primary emphasis was on possible morphological and 
physiological differences between these populations 
under the impacts of different environments. Of 
particular importance was the study of those physio- 
logical characteristics which might be of adaptive 
significance. Such an approach should be able to 
determine if the environmental differences between 
aretic and alpine habitats are reflected, through na- 
tural selection, on the physiological responses of the 
principal biotypes in the local populations of the 
species. 


™~N i 


Oxyria digyna in rocky talus at an elevation of 10,200 ft, Beartooth Mountains, Wyoming. 
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Oxyria digyna (L.) Hill (Fig. 1), a perennial, 
herbaceous member of the Polygonaceae was selected 
for this study for several reasons. (1) It has a 
circumboreal arctic-alpine distribution of wide lati- 
tudinal range. It occurs in the arctic tundra as far 
north as 83° N, and in North America as far south 
as Arizona in the mountains. (2) A considerable 
body of information on the physiological processes 
of this species, in the field, has been assembled (Wager 
1938, 1941; Russell 1940b, 1948; Warren Wilson 
1954, 1957, 1959, 1960). These studies were almost en- 
tirely confined to aretic populations. (3) The seeds 
of Oxyria are easily collected and germinate well. 
Plants can be grown without difficulty and provide 
excellent material for physiological investigation. (4) 
There are few taxonomic difficulties associated with 
this phylogenetically isolated species. Polunin (1940) 
has called Oxyria one of the few really “good” are- 
tie species, varying from place to place only in size 
of leaves and height of inflorescences. There is, how- 
ever, one major difficulty associated with this species. 
It is not particularly suited for hybridization experi- 
ments because of the large numbers of small delicate 
flowers in the inflorescence. A further complication 
to such work is the partial apomixis in this species 
which has been described by Edman (1929). 

Utilizing the data of Hultén (1928), the general 
distribution of Oxyria is arctic-alpine cireumpolar, 
with disjunct locations far to the south in the moun- 
tains of Europe, Asia, and North America. 

The work reported here was financed under a 
grant from the National Science Foundation (NSF- 
G3832-Environmental Biology) for which grateful 
acknowledgment is made. For many courtesies and 
assistance which made the study possible thanks are 
due to: Dr. John W. Marr and Dr. William Osburn 
of the University of Colorado, Dr. Moras L. Shubert 
of the University of Denver, Dr. S. H. Knight and 
Dr. Henry L. Northen of the University of Wyoming, 
Dr. Albert W. Johnson of the University of Alaska, 
and Dr. A. W. Naylor, Dr. R. L. Barnes, and Miss 
Pat C. Kerr of Duke University. We are especially 
indebted to Dr. Edwaru E. C. Clebsch and Mrs. 
Barbara Mooney of Duke University whose assistance 
in both the field and the laboratory was invaluable. 


FIELD METHODS 


HaBITats DESCRIPTION 

During the summer of 1957 and 1958, a latitudinal 
series of Oxyria digyna plants was collected. These 
arctic and alpine populations were selected to encom- 
pass a wide geographic range of tundra habitats. 
Elevations ranging from sea level to over 12,000 ft 
and latitudes extending from 38° N to 76° N were 
included in the population sites. Accessibility of each 
collection area necessarily determined its exact locale. 
The locations of these populations in relation to the 
North Ameriean distribution of Oxyria are shown 
in Figure 2. 
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Fie. 2. North American distibution of Oxyria digyna 
from data of Fernald (1933) and Porsild (1957). Num- 
bers refer to areas from which populations were col- 
lected: 1. Elephant’s Back, California, 2. Loveland Pass, 
Colorado, 3. Niwot Ridge, Front Range, Colorado, 4. 
Medicine Bow Mts., Wyoming, 5. Beartooth Mts., Wy- 
oming, 6. Logan Pass, Montana, 7. Highwood Pass, 
Alberta, 8. Sunwapta Pass, Alberta, 9. Summit Lake, 
British Columbia, 10. Donjek Mts., Yukon Territory, 
11. Eagle Summit, Alaska, 12. Pitmegea River, Alaska, 
13. Sagavanirktok River, Alaska, 14. Pt. Barrow, Alaska, 
15. Thule, Greenland, 16. Angel Glacier, Alberta. 


GULF oF 


The site of the most abundant occurrence of Oxyria 
within each study area was chosen as the local popu- 
lation site. Mass herbarium collections were made 
and notes on the extent and characteristics of the 
population were taken. At most sites, the percentage 
coverage of Oxyria and the associated species was 
quantitatively determined. This was done for a 
5 x 5 m square by crossing two diagonal 7.1 m lines 
within the microsite. The vegetation was sampled by 
point intercepts at 5 em intervals along these lines. 
This made a total of 283 points along the diagonals 
of the 25 sq m area. 

Seeds and/or live 
site. The live plants 
Carolina for greenhouse culture. 
upper mineral soil horizons at each 
collected for later analysis. 

Unfortunately, uniformly complete information is 
not available from all the population sites sinee the 
collection of seeds or plant material by some contribu- 
tors was incidental to other tasks in which they were 
engaged. However, the available data on sites ac- 
tually visited by at least one or both of the authors 
make it possible to get some idea of the environment 
and associates characteristic of Oxyria populations in 
widely seattered parts of its range. 


plants were collected at each 
were sent by airmail to North 
Soil samples of the 
location were 
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FIELD PHYSIOLOGICAL METHODS 

During the summer of 1958, it was possible to carry 
out a few physiological measurements in the field on 
two alpine Oxyria populations. On one population, 
Medicine Bow Mts., Wyoming, the carbohydrate con- 
tent of the leaves and the roots was followed during 
the course of the growing season. Photosynthesis and 
respiration rates were measured and leaf chlorophyll 
content analyzed. On an Alaskan alpine population, 
Eagle Summit, the carbohydrate content was meas- 
ured at a single phenological stage and chlorophyll 
determinations were made. 

A Model 29 Liston-Becker Infrared Gas Analyzer 
(Beckman Instruments, Ine.) was utilized for all 
photosynthesis and respiration measurements in this 
study. This model is operated with a six-volt battery, 
and hence can be used in the field. An Esterline- 
Angus Model AW direct current milliameter was used 
as the recording device. 

An open system, as described by Billings, Clebsch 
& Mooney (1960b), was used for field photosynthesis 
and respiration measurements. The method consisted 
of making alternate measurements of the CO, con- 
tent of a gas stream passing over a plant enclosed 
in a plexiglass chamber and of a “free” air stream. 
Caleulations of the photosynthetic and respiration 
rates were based on the difference between the CO, 
contents of the two streams with the gas flow rate 
maintained at 80.6 1/hr. 

The plant stream was measured for 15-minute pe- 
riods, alternating with 5-minute periods for measure- 
ment of the air stream. 

The analyzer was calibrated prior to each test pe- 
riod by flushing the calibration system free of CO, 
by use of an absorbent (Ascarite) in the air stream. 
Then, definite aliquots of pure CO. were injected 
into the closed calibration system by means of a hy- 
podermic needle. A calibration curve was constructed 
to indicate mg CO,/I. 

Petioles of 8 to 10 Oxyria leaves (attached to a 
single rooted plant) were inserted through a slotted 
plexiglass base plate and sealed in place with Apiezon 
“Q” type sealing compound. A one liter plexiglass 
photosynthetic chamber was then sealed on top of 
the base plate, thus completely enclosing the leaves. 
During the course of a test period a continuous rec- 
ord of the radiation received was recorded with an 
Instruments Corporation Recording Pyrheliometer. 
The temperature was measured at 5-minute intervals 
inside and outside of the photosynthetic chamber using 
shielded mereury-in-glass thermometers. Light in- 
tensity in foot candles was read on a photoelectric 
illumination meter (Weston Electrical Instrument 
Corp.) at 5-minute intervals. 

An attempt to control excessive temperature build- 
up within the chamber was made by placing a Corn- 
ing infrared glass filter, CS1-69 no. 4600 M-2040, so 
that it intercepted the direct solar radiation. Also, 
snow was packed around the base of the chamber, 
which not only helped in temperature control but pre- 
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vented moisture condensation on the upper chamber 
surface. 

Two test runs were completed on Oxyria, the first, 
of 1 hr duration on leaves of a plant in early flower 
bud stage on July 9, and another of 2 hrs duration 
on a plant in late flower bud stage on July 22. At 
the conclusion of each run, the chamber was covered 
with a black cloth for a ten minute period for de- 
terminations of dark respiration. 

From the milliameter recordings, calculations of the 
photosynthetic rate of 1.5 minute intervals were made 
and expressed on three bases: per gm of fresh weight 
per hr, per sq dm of leaf surface.(twice the area of 
the leaf) per hr, and per milligram of total chloro- 
phyll per hr. 

The procedure used for carbohydrate extraction 
and analysis has been previously described (Mooney 
& Billings 1960) and is comparable to the procedures 
of Russell (1940b) and Warren Wilson (1954). 
Samples of the upper tap root and leaves were taken 
at definite phenological stages and analyzed in tripli- 
cate for starch and total sugar, the sum of which 
was considered “total carbohydrate.” 

Determinations were made of the total nitrogen 
content of the alcohol-insoluble residues by the method 
of Block & Bolling (1951) on all the samples taken 
for carbohydrate analysis. 

Sample: of Oxyria leaves were collected from the 
Medicine Bow Mts., Wyoming, and Eagle Summit, 
Alaska, for chlorophyll determinations. The fresh 
weight of the sample was taken, the leaf outline 
traced, and the sample placed in a green vial contain- 
ing 80% acetone. These were used later for deter- 
mination of chlorophyll content by the spectrophoto- 
metric method of Arnon (1949). 


LABORATORY METHODS 

All plants used in laboratory experimental work 
were grown from field-collected seed. The plants were 
grown in a standard greenhouse soil mixture (two 
parts loam, one part leaf mold, and one part sand) 
in 4-inch clay pots. These plants were maintained 
either in the greenhouse or in especially constructed 
growth chambers, watered daily, and fertilized with 
a “complete” liquid fertilizer at regular intervals. 


Growth CHAMBER DESIGN 

Plants utilized for laboratory physiological meas- 
urements and for detailed analysis of growth and 
phenological development were grown in controlled- 
environment growth chambers. These low-temperature 
growth chambers constructed from “island-type” dis- 
play freezer units have been described by Billings, 
Clebsch & Mooney (1960a). It was possible to con- 
trol and cycle both temperature and light periods in 
the chambers enabling a simulation of temperature and 
light cycles in natural tundra environments. 


CHAMBER PROGRAMMING 


Three growth chambers were utilized for experi- 
mentation. One chamber was used to simulate the 
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diurnal cycle of an alpine environment at a latitude 
of approximately 41° N. The day temperature was 
controlled at 65° F for a 12-hr period ind the night 
temperature at 40° F for an equal time. A 15-hr 
photoperiod was maintained. These values were 
selected to represent average alpine mid-summer con- 
ditions in the Medicine Bow Mts., Wyoming, as meas- 
ured by Bliss (1956). This simulation of the en- 
vironment involved control of only thermoperiod and 
photoperiod. 

A second chamber simulated growing season con- 
ditions of the Alaskan Arctic Coastal Plain at 71° N. 
The day temperature was kept at 55° F and the night 
at 35° F, both for alternating 12-hr thermoperiods. 
This chamber was constantly lighted. 

The two chambers described above will be referred 
to as the “alpine” and “arctic” chambers, respectively, 
throughout the text. 

A third chamber was used first at a constant 50° F 
temperature and 12-hr photoperiod. Later, the same 
temperature was maintained but the photoperiod was 
changed to 17 hrs. This will be referred to as the 
“constant temperature” chamber. 


CHAMBER UTILIZATION 
Two separate sets of plants were placed consecu- 
tively in the chambers during the duration of the 
project. Each set consisted of either 4 or 5 different 
populations, usually 10 plants to the population, in 
each of the 3 chambers. At weekly intervals, each 


plant was scored for phenological development and 
the inflorescences of fruiting specimens were har- 


vested and pressed. In addition to recording pheno- 
logical development, growth measurements were made 
at regular periods on one set of populations. 

Almost all plants utilized in the laboratory for 
physiological measurements were taken directly from 
chambers for use. Exceptions to this procedure will 
be noted in the text. 


PHOTOSYNTHESIS AND RESPIRATION MEASUREMENTS 


For the laboratory, a “closed” system was designed 
for use with the infrared gas analyzer. It was not 
possible to utilize the “open” system that was em- 
ployed in the field because of the rapidly fluctuating 
CO, content of the semi-urban air. A plant was placed 
in a closed system of known CO, concentration and 
the time was measured for a given amount of CQ, to 
be added to or removed from this system. In actual 
practice, the operating range was .0285 to .0315% 
CO, in the air stream. 

In the laboratory, it was possible to control the 
temperature of the air within the photosynthetic 
chamber. A thermistor inside the chamber was uti- 
lized as the sensing element for a Yellow Springs 
Instrument Model 71 Temperature Controller. The 
controller was attached to an ice-water compressor 
thus maintaining the water at any pre-set tempera- 
ture. The water from the cooler was circulated 
around the photosynthetic chamber by use of a water 
pump. 
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Four 300-watt incandescent “sealed beam’ spot 
lights were used for both a light and a heat source 
in the system. Illumination at the base of the photo- 
synthetic chamber could be maintained from 0 to 7,000 
fe by use of switches and a rheostat. 

The standard air flow rate used in all ‘laboratory 
gas exchange measurements was approximately 170 1 
(6 cu ft) per hr. 


DESCRIPTIONS OF ARCTIC AND ALPINE 
OXYRIA HABITATS 

The similarities and differences of the principal 
Oxyria habitats investigated throughout a wide range 
of latitudes are presented in the following section. 
The location, elevation, exposure, parent material, 
some of the soil characteristics, and associated species 
are given for these Oxyria microsites. 

GENERAL Habitat DESCRIPTIONS 

Elephant’s Back, California. The only Oxyria 
population collected from the Sierra Nevada was lo- 
cated in Alpine County, California, south of Carson 
Pass (38° 42’ N, 119° 57’ W). Collections were made 
at this site on August 15, 1957. Oxyria plants were 
growing on the very steep northeast-facing talus of 
Elephant’s Back at an elevation of 9,100 ft. The 
talus, which is composed of voleanie andesitic breccia, 
is a site of very late snowmelt. The microsite is 
scantily vegetated with Oxyria as well as Agropyron 
pringlei (Seribn. & Sm.) Hitche., Arabis lemmonii 
Wats., Arenaria nuttallii Pax., Lupinus lyallii Gray, 
Penstemon heterodoxus Gray, Phacelia frigida Greene, 
Ranunculus eschscholtzii Sehlecht. var. oxynotus 
(Gray) Jeps., Senecio fremontii T. & G. var. occi- 
dentalis Gray, and Calyptridium umbellatum (Torr.) 
Greene. 

Loveland Pass, Colorado. This population was col- 
lected at an elevation of 12,300 ft in the Loveland 
Pass area of Colorado (39° 40’ N, 105° 53’ W). The 
microsite is situated on a northwest-sloping (25°) 
granitic boulder field. Oxyria is restricted to rock 
crevice areas within the boulder field, although in the 
general area it is also found on gravelly, otherwise 
unvegetated areas, such as road fills and drainage 
ditches. Associated with Oxyria in the soil pockets 
are Geum turbinatum Rydb., Primula angustifolia 
Torr., Saxifraga rhomboidea Greene, Trisetum spica- 
tum (L.) Richt., and Selaginella densa Rydb. 

Oxyria was in bloom at the time of collection, and 
some of the flowers were smutted. These were the 
only smutted individuals noted in all of the field col- 
lections. 

Pikas (Ochotona princeps), small alpine mammals, 
were very evident in the site area on the August 5, 
1957, collection date. 

Niwot Ridge, Front Range, Colorado. The Niwot 
Ridge population was collected in the vicinity of the 
University of Colorado Institute of Arctic and Alpine 
Research Tundra Laboratory on Niwot Ridge in the 
Front Range of Colorado (40° 04’ N, 105° 38’ W) 
at an approximate elevation of 12,000 ft. The micro- 
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site is located on a nori®facing stabilized talus 
(granite and schist) which has a slope of 25°. 
Oxyria is restricted to protected crevices within the 
talus. Abundant Oxyria seedlings were observed on 
the August 11, 1957, collection date, at which time 
the mature plants were in flower. 

In the protected crevices, Mertensia viridis A. Nels. 
and Senecio fremontii T. & G. are prominent. In 
the more open crevice areas, Sedum rosea (L.) Scop., 
Cirsium hookerianum Nutt., Claytonia megarrhiza 
(Gray) Parry, Trifolium nanum Torr., Geum turbin- 
atum Rydb., and Trisetum spicatum (L.) Richt. oe- 
eur. 

Medicine Bow Mountains, Wyoming. The Oxyria 
population selected from this area is located in the 
crevices of an essentially level quartzite boulder field. 
The plants are restricted to soil pockets which are 
formed, in part, through the intense activity of 
pikas. The microsite is situated at an elevation of 
10,800 ft in the northern Libby Flat area of the 
Medicine Bow Mts. (41° 20’ N, 106° 19’ W). Oxy- 
ria also occurs in the Medicine Bow alpine area on 
rocky north-facing slopes but is not common. 

Associated with Oxyria within the boulder field 
are Aquilegia caerulea James, Ribes montigenum Me- 
Clatchie, Senecio fremontii T. & G., and Cysto,ieris 
fragilis (L.) Bernh. 

Observations and physiological measurements were 
made on this population throughout the 1958 growing 
season. 

Beartooth Mountains, Wyoming. This population 
is loeated on the Beartooth Plateau area approxi- 
mately 4 mi north of Beartooth Pass (44° 59’ N, 
109° 25’ W) at an elevation of 10,600 ft. The micro- 
site is located on a gentle north-facing portion of the 
Wyoming Creek drainage. The area is composed of 
stream-deposited rock fragments, primarily gneiss, 
ranging from 2 ft in diameter down to gravel size. 
In spite of the considerable amount of soil surround- 
ing and underlying the rock, the microsite area is 
essentially vegetationless with the exception of widely 
seattered clumps of completely exposed Oxyria and 
Deschampsia caespitosa (L.) Beauv. This relative 
lack of vegetation is due to normally late snowmelt. 

Oxyria was setting and dispersing fruit on the 
August 25, 1957, collection date. Even at this date, 
however, it was apparent that the population area 
had not been snow-free for long. 

Logan Pass, Montana. Seed, only, were collected 
from an Oxyria population growing in the immediate 
vicinity of Logan Pass, Lewis Range (48° 42’ N, 
113° 43’ W), at an elevation of 6,650 ft. The plants 
were growing completely exposed on a level sedimen- 
tary rock substrate. The collection date was August 
27, 1957. 

Highwood Pass, Alberta. An Oxyria population 
was selected in the Elk Mountains of Alberta, in the 
vicinity of Highwood Pass (50° 35’ N, 115° 02’ W). 
The plants are found locally abundant in a cirque of 
8,000 ft elevation at the base of a fossiliferous lime- 
stone talus slide. These plants are growing exposed, 
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on an east-facing slope (13°) associated with small 
rocks, but not in crevices. The thin turf is underlain 
with broken rock. Oxyria ranged from full flower 
to fruiting stage at the time of collection, July 28, 
1958. 

The results of the vegetational analysis here are 
given in Table 1. Oxyria covers less than 3% of 
the ground surface, while bare rock has a coverage 
of over 50%. 

Sunwapta Pass, Alberta. Oxyria occurs at the base 
of a stone-stripe area 1 mi southeast of Sunwapta 
Pass, Alberta (52° 12’ N, 117° 08’ W). The micro- 
site is located on an east spur of Mt. Athabasca be- 
tween Hilda Creek and Saskatchewan Glacier at an 
elevation of 7,200 ft. This late snowmelt habitat 
is situated on a gentle north-facing slope. Associated 
with Oxyria are Silene acaulis L., Trisetum spicatum 
(L.) Richt., and Poa alpina L. Plant cover was 
less than 1% of the ground. Collections of seed and 
live plants were made here on August 16, 1958. 

Summit Lake, British Columbia. A small colony 
of Oxyria was found in this area at the base of a 
large dolomitie rock outerop and talus. The north- 
facing slide area (25° slope) is located at an eleva- 
tion of 5,300 ft near Summit Lake (58° 37’ N, 124° 
41' W). Oxyria is frequent within the microsite area 
but is limited to the shallow soil pockets in the 
slide. Even at the relatively early collection date on 
August 2, 1958, virtually all of the Oxyria fruits had 
been dispersed. 

The percentage cover of the vegetational com- 
ponents is given in Table 1. There is a high per- 
centage of rock cover. Coverage of the site by 
Oxyria is about 2%. The high percentage of moss 
cover in the general area is reflected in the figures 
given for this quadrat. 

Donjek Mountains, Yukon Territory. The popula- 
tion site selected in the Donjek Mts. (61° 23’ N, 
139° 27' W) is located on a north-facing solifluction 
lobe at an elevation of 5,700 ft. The microsite is 
situated on a 29° slope of the actively flowing lobe 
where approximately 2 in. of turf overlies a sandy 
subsoil. 

Oxyria is scattered in small clumps throughout the 
microsite. It is also found in the general area as- 
sociated with Salix and Cassiope along rocky stream- 
sides down to an elevation of less than 4,400 ft. 

Because of the late date of collection at the popula- 
tion area on August 25, 1958, several plant identifica- 
tions in the quadrat sample could not be carried 
below generic level. All of the species were in late 
fruit or had dispersed seed and were showing fall 
coloration at this date. The results of the vegetational 
analysis are in Table 1. 

Eagle Summit, Alaska. A population of Oxyria 
was found immediately south of Eagle Pass (65° 
28’ N, 145° 24’ W), on the Steese Highway, Alaska. 
It is situated on a northwest-facing 32° slope, at an 
elevation of 3,800 ft. The microsite is a semi-sta- 
bilized talus with small gravelly soil pockets. The 
substrate rock is largely mica-schist. 
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TABLE 1. Vegetational analyses at Oxyria microsites in the middle and northern parts of its North American 
range. Figures are percentage cover. 





Species 


Achillea lanulosa Nutt............. 
Anemone parvifolia Michx.......... 
Antennarta alpina (L.) Gaertn... .. .| 
Arnica cordifolia Hook.......... 
Carex haydeniana Olney............| 
Castilleja occidentalis Torr.......... 
Deschampsia caespitosa (L.) Beauv. 
Draba crassifolia R. Grah........... 
Epilobium alpinum L.............. 
Erigeron peregrinum (Pursh) Greene | 
subsp. callianthemus (Greene) 
NI Ss ie hlvGrs ets ori se 66:66. | 
Festuca brachyphylla Schultes.... . . 
Juncus drummondii E. Meyer... .. 
Luzula spicata (L.) DC............ 
Myosotis alpectris Schmidt... .... 
Oxyria digyna (L.) Hill........... | 
Phleum alpinum L................. 
ol Bee 
gp 
Potentilla diversifolia Lehm.........| 
Saliz arctica Pall. var. araioclada | 
(Schneid.) Raup............... 
Saliz nivalis Hook................. | 
Sazifraga lyallit Engler.......... . 
Sibbaldia procumbens L.............| 
Taraxacum lyratum (Ledeb.) DC... . | 
Antennaria monocephala DC........ 
Draba nivalis Liljebl. var. elongata 
RES ee ee 
Erigeron humilis Grah.............. 
Poa leptocoma Trin................ 
Polygonum viviparum L............ 
| | 
Sazifraga punetata L............... 
Trisetum spicatum (L.) Richt... . . .| 
Artemisia alaskana Rydb........... 
0 A eee 
Cassiope tetragona (L.) D. Don...... 
Dryas octopetala L. subsp. punctata 
LOS See ae 
A, ae | 
oe 
Saliz polaris Wahlenb. subsp. 
pseudopolaris (Flod.) Hult....... 
ne 
ed ae 
Luzula wahlenbergii Rupr........... 
Polemonium boreale Adams......... 
Aconitum delphinifolium DC. subsp. 
paradozum (Rchb.) Hult........ 
MDS ooo ccs Se ws sve eaia's ps v's + 
I PN oe dy jane 2 
Epilobium latifolium L............ 
Equisetum arvense L............... 
Luzula nivalis (Laest.) Beurl... . 
| eee eee 
Saliz phlebophylla Ands........... 
Stellaria monantha Hult............ 
Carer lachenallii Schk.............. 
Saliz rotundifolia Trautv........ : 
Sazifraga cernua L................. 
Cochlearia officinalis L.............. 
Ranunculus nivalis L..... . Pee eae 
Taraxacum alaskanum Rydb....... 
NS, Sr seg oveoscis ies itt 
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Oxyria is extremely abundant in the microsite as 
is shown by the vegetational analysis in Table 1. It 
comprises almost a fourth of the total cover. How- 
ever, it appears to be mainly of local occurrence, ap- 
pearing in rock slides and also along the road cut. 

The roots of Oxyria here were infested with woolly 
aphids, the only such infestation noted in the field 
collections. 

The collared pika, Ochotona collaris, was very ac- 
tive in the rock slide at the time of collection on 
August 14, 1958. 

Pitmegea River, Alaska. An Oxyria population 
was selected at the mouth of the Pitmegea River on 
the Arctic Ocean (68° 56’ N, 164° 38’ W), on the 
northern coastal plain of Alaska. This site is situ- 
ated at the base of a north-facing shale bluff with a 
slope of 24°. The combined talus and solifluction 
lobe is a site of late snowmelt. Oxyria is very abun- 
dant in the microsite, constituting over 30% of the 
eover (Table 1). Collections were made here on 
August 18, 1958. 

Unfortunately, a number of herbarium specimens of 
the associated plants were lost in transit, hence some 
of the identifications are to the generic level only. 

This station, and the remainder to be discussed, are 
all arctic tundra sites; those previously discussed 
have been located along a south to north alpine 
tundra environmental gradient. 

Sagavanirktok River, Alaska. A population of 
Oxyria was chosen in the Franklin Bluffs section of 
the Sagavanirktok River (69° 50’ N, 148° 40’ W), 
on the Arctic Coastal Plain of Alaska. The micro- 
site is located on a terrace with a very gentle (1°) 
west-facing slope which evidently has late-lying snow. 
The elevation of this site is under 500 ft. 

Oxyria is abundant in the sample, constituting 25% 
of the cover (Table 1). Mosses, however, comprise 
an even greater portion of the sample. 

In the general area, Oxyria is frequently found in 
late snowmelt areas. Collections were made at this 
site on August 13, 1958. 

Pt. Barrow, Alaska. In the Pt. Barrow region 
(71° 17’ N, 156° 47’ W), there are occasional con- 
centrations of Oxyria on the eroding surfaces of the 
dissected sea cliffs. At such microsites where snow 
accumulates and melting is slow, Oxyria may be very 
abundant although quite dwarfed and with flowering 
stalks uncommon. 

Such a concentration of Oxyria was chosen as a 
collection site on August 21, 1958. The population 
area is less than 50 ft in elevation and is south-fac- 
ing with a 25° slope. 

Although Oxyria is quite abundant in the micro- 
site area, comprising over 20% of the cover (Table 
1), it becomes rare at a distance of only a few hun- 
dred meters inland. 


Soi, ANALYSES 
Only limited analyses were carried out on the soil 
samples collected in the field: percentage of sample 
greater than 2 mm in diameter, pH, and total nitro- 
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gen. Total nitrogen was determined by the Kjeldahl 
method, and pH determinations were made by the 
method of Metson (1956). The results of the limited 
soil survey are presented in Table 2 as averages of 
duplicate determinations. 











TABLE 2. Soil analyses for Oxyria population areas 
i 
Percent 
Location }over2mm)} Percent pH 
| diam.* | total N 
Loveland Pass........ Scasl| eee | .37 | 5.30 
i a | 3.1 | > oe 5.35 
Medicine Bow Mts......... 3.4 .43 | 5.50 
Beartooth Mts......... is 6..S. 1 er | eae 
Highwood Pass........... Se i 8 | 7.00 
umumit Lake.............. 5.0 2 | 7.8 
Donjek Mts........... -_ 300 | .2 | 6.25 
Eagle Summit....... ee ae eee 5.85 
Pitmegea River....... _— na. | 2 1 os 
Sagavanirktok River. . 40.4 21 7.75 
ae ee 764 6.25 


* Fraction over 2 mm diameter and total nitrogen are on an air-dry weight basis. 


All of the soils from Oxyria habitats in the Yukon 
Territory and Alaska have a high percentage of 
gravel while those of the southern alpine stations 
usually have low gravel percentages. Loveland Pass, 
where the population occurs in crevices of severely 
weathered granite, and the Beartooth Mts., where the 
observed population grows on _ stream-deposited 
gravels, are the two alpine locations where the soil 
has a high rock and gravel content. 

The total nitrogen values are generally high, which 
may be related to the high incidence of small mam- 
mal activity coincident with Oxyria populations. The 
only low value is from soil of the Beartooth stream 
gravels. With this exception, the southern alpine 
soils exhibit higher nitrogen values than those of 
aorthern soils. 

The pH values range from acidic to basic, demon- 
strating the broad tolerance of Oxyria as a species in 
regard to reaction of the substrate. 

Russell (1940a) presents pH and total nitrogen 
values for various Oxyria habitats on Jan Mayen 
Island. The pH there ranged from 7.2 to 7.6 and the 
total nitrogen from 0.10 to 0.17%, values which are 
in keeping with those given here for arctic stations. 
However, Warren Wilson (unpublished data) found 
a wider range in soil nitrogen in Oxyria habitats on 
Jan Mayen, ‘with values extending from 0.008 to 
1.091%. 

Hapirat SUMMARY 

Throughout the range of the present work, the 
southern and northern alpine areas, and the Alaskan 
Aretic, habitats of Oxyria generally appear to have 
late snowmelt as a common denominator. Oxyria in 
the south is usually associated with crevices or rock 
in some form: talus, streamside gravel, boulder field, 


or shallow fractured rock substrate. As a result of 


such rocky surfaces, alpine Oxyria sites are very 
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Analysis of certain morphological characteristics of Oxyria populations as exhibited under field, con- 
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Elephant’s Back, Calif 
Loveland Pass, Colo 
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Medicine Bow Mts., Wyo... .| 
Beartooth Mts., Wyo 
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Elephant’s Back, Calif 
Loveland Pass, Colo......... 
Niwot Ridge, Colo 

Medicine Bow Mts., Wyo.... 
Beartooth Mts., Wyo. ...... 
Logan Pass, Mont 

Highwood Pass, Alta 

Angel Glacier, Alta.......... 
Summit Lake, B. C 

Donjek Mts., Yukon 

Eagle Summit, Alaska 
Pitmegea River, Alaska 
Sagavanirktok River, Alaska. 
Pt. Barrow, Alaska 

Thule, Greenland 


ecco] ol] ecee | 
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thinly vegetated. Unstable fine-grained substrates 
such as eroding silt bluffs and solifluction lobes as- 
sume importance as Oxyria sites in Alaska and the 
Yukon. Vegetational cover in such sites is relatively 
high. Oxyria is not found in such habitats in the 
southern part of its range. 

In general, the vegetational coverage of Oxyria 
microsites increases from south to north. The typical 
Oxyria habitat in the central Rocky Mountains or 
Sierra Nevada is a barren rocky talus, cliff, or 
bouldery morainal material. These “rock piles’ have 
very little vegetation other than scattered Oxyria 
plants. For this reason, no quantitative vegetational 
sampling of Oxyria habitats was done south of High- 
wood Pass. The associates of Oxyria vary through- 
out its range in North America. At lower latitudes, 
southern alpine endemics are of importance. Toward 
the north, cireumpolar species increase in frequency. 
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Trisetum spicatum, an arectic-alpine species of wide 
distribution, is often associated with Oxyria in both 
southern and northern habitats. 


ANALYSIS. OF MORPHOLOGICAL VARI- 
ABILITY BETWEEN POPULATIONS 

The mass field collections' and the plants grown 
from seed in the greenhouse and in the growth cham- 
bers were analyzed to determine whether or not any 
patterns of morphological variability were associated 
with the geographie locations of the various popula- 
tions. The following characteristics were measured: 
(1) maximum leaf width and length (top of petiole 
to apex of blade) of the largest leaf of a specimen; 
(2) number of primary branches of the largest in- 
(3) stamen (4) presence or 


1 All herbarium material, including mass collections, de- 
posited in the Duke University Herbarium. 


florescence ; number; 


1s 
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Fig. 3. Oxyria flower types. Flower on left has normal stamen development and is from a Sagavanirktok 


River, Alaska, plant. Center flower with aborted stamens is from a Logan Pass, Montana, plant. 
stamen flower on right is from a Medicine Bow Mts., 


absence of rhizomes (Table 3). Also noted, was the 
number of flowers with stamens completely aborted 
in an inflorescence. 

The average ratios of leaf length to leaf width ap- 
pear to indicate the existence of two population 
groups: a northern one, made up of all the popula- 
tions from Thule, Greenland, to Angel Glacier, Al- 
berta, and a southern one, from Highwood Pass, Al- 
berta, southward. Although the absolute magnitudes 
of the ratios are slightly altered by environmental 
conditions, the two groups are apparent under all 
treatments. 

The average inflorescence branch number decreases 
from south to north. Plants of the far southern al- 
pine populations are strikingly more branched than 
the northern forms, again suggesting two population 
groups rather than a cline. 

Among Oxyria plants, certain individuals have un- 
usual flowers which have only two stamens instead of 
the normal six. The inflorescences of these plants can 
be distinguished by their gross appearance. Other 
plants have inflorescences which have flowers with 
variable stamen numbers up to the full complement 
of six. Also, there are inflorescences containing from 
a few to all of the flowers with stamens completely 
aborted. The abortion of stamens does not appear to 
be directly related to the character of variable stamen 
number since the total complement of six undeveloped 
stamens can always be distinguished in such flowers. 
The principal flower types are illustrated in Figure 
3. 

Table 3, shows that the two-stamen character is 
limited to the far southern populations. .The pres- 
ence of two-stamen or variable-stamen forms also 
appears to separate the populations into southern 
and northern groups. In this instance, the separation 
occurs between Logan Pass, Montana, and Highwood 
Pass, Alberta. 

Presence of rhizomes is another distinctive char- 
acter of certain populations, which is not always 
easily noticed in the field, but is readily apparent in 





Two- 
Wyoming, plant. 


cultivated Oxyria plants. Some populations have 
plants which produce rhizomes, while other popula- 
tions lack this character entirely. In Table 3, it may 
be seen that at the extremes of the range investigated, 
rhizomes are either completely present or completely 
absent. The presence of rhizomes is frequent in 
plants of the northern populations, while plants of 
the south lack rhizomes. The relatively low percent- 
ages of rhizomatous forms in some northern popu- 
lations grown in the environmental chambers may be a 
function of their lack of age when scored for this 
character. Young cultivated plants, when excavated, 


Fic. 4. Non-rhizomatous Oxyria plant grown from 
seed in the greenhouse. Seed collected from Beartooth 
Mts., Wyoming. 
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Rhizomatous Oxyria plant grown from seed 
in the greenhouse. Seed collected from Sagavanirktok 
River, Alaska. 


Fig. 5. 


were often found to have rhizomes which were not yet 
apparent above the ground surface. 

Figure 4 shows a pot-grown greenhouse-cultivated 
Oxyria from the Beartooth Mts., Wyoming, popula- 
tion. This nonrhizomatous form may be compared 


with a plant from the Sagavanirktok River, Alaska, | 


population grown under the same conditions which is 
illustrated in Figure 5. The rhizomes originate at 
the base of the stem. 


CHROMOSOME NUMBER 


Published chromosome counts to date indicate that 
Oxyria digyna has 2n equaling 14 throughout its 
range. In Europe, counts have been made on ma- 
terial from Norway (Knaben 1950), France and 
Switzerland (Larsen 1954), as well as from the Kola 
Peninsula (Bécher & Larsen 1950). Counts have 
also been made on plants from Spitzbergen (Flovik 
1940) and Iceland (Live & Léve 1956). In North 
America, 2n equaling 14 has been found in Greenland 
and Canadian plants by Bécher & Larsen (1950). 
Other Greenland counts have been made by Holmen 
(1952) and J¢rgensen, Sgrensen & Westergaard 
(1958). 

In the present work, flower buds were taken from 
plants grown under greenhouse and chamber condi- 
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tions and meiotic figures counted on the following 
populations: Elephant’s Back, Medicine Bow Mts., 
Logan Pass, and Sagavanirktok River. All of these 
counts showed n equaling 7. This provides further 
evidence that Oxyria probably has the same chromo- 
some number throughout its total range. 


GERMINATION 

A series of experiments was done to determine if 
there were any differences in the characteristics of 
seed germination among the various populations of 
Oxyria. All germination studies were made in dupli- 
cate on moist filter paper in petri dishes. Seeds were 
exposed to light during the course of all experiments 
unless otherwise noted. Results are expressed as the 
averages of the duplicate tests. Since no differences 
were found in the percentage of germination between 
achenes when either contained in, or removed from, 
the fruit, the single-seeded fruit was used as the test 
unit. 

APFrreR-RIPENING 

To find out if Oxyria seed has an after-ripening re- 
quirement, fresh fruits were collected from inflores- 
cences in several populations of cultivated plants and 
immediately placed in petri dishes, watered, and kept 
at 20° C. Additional seeds of some of the popula- 
tions were stratified on moist filter paper for one 
week at 3° C before being placed at the 20° C tem- 
perature. 

There was rather high viability (40 to 80%) in 
most of the populations even though the seeds were 
not allowed to dry and after-ripen. Although the 
seeds of these same populations when dried and stored 
in a freezer at —10° C for periods up to 2 yrs have 
slightly higher germination percentages than the 
fresh seed, there does not seem to be any appreciable 
after-ripening requirement. Cold-stratification of the 
freshly harvested seed results in only slightly higher 
germination percentages. 


Ligot AND Dark EFFECTS 
To determine if Oxyria seeds have a light require- 
ment for germination, replicate sets of field-collected 
seeds were placed in each of the following conditions: 
light at 20° C and dark at 20° C. The average per- 
centage germination after 8 days is given in Table 4. 











TABLE 4, Percentage germination in light and dark 

Population | Light Dark 
Hlophant’s Back................-. | 82.5 2.5 
Medicine Bow Mts................ 35.0 2.5 
eh a a ee 52.5 15.0 
RUT RTOs sass ¢:0 oii'0°e 6 a's awe ste 92.5 50.0 
PRIIWOOG TOMB... 65.06.55 cece tees | 80.0 50.0 
MENG 5) os o-oo era's Onesie ee 85.0 35.0 
oo a oe rr 70.0 | 25.0 
PP UMNON TIMOR 5 oie sic evn ei tiem votes | 100.0 | 72.5 
Sagavanirktok River.............. 90.0. | 82.5 
Bt Ns Sls a5. 6 cic dio sie 'ersiels a 67.5 | 35.0 
Thule, Grecian... 6.5. beac ce | 37.5 30.0 
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In all instances, there was higher percentage ger- 
mination in the light than in the dark. The percentage 
inerease of light germination over dark was variable 
for the different populations with little apparent 
pattern. However, the divergence between lignt and 
dark percentages was greatest for the far southern 
alpine populations. 


Errect or Constant TEMPERATURE ON GERMINATION 

Equal numbers of field-collected seeds of represent- 
ative populations were placed in a graded series of 
constant temperatures, 3° C, 10° C, 15° C, 20° C, 
25° C, and 30° C. After a two week period, no 
germination had occurred at 3° C and these seeds were 
moved to 20° C. The average relative germination 
(where the highest number germinating for a given 
population at any treatment equals 100%) at 14 days 
is given for all temperatures and populations in 
Table 5... Also shown is the germination of the 3° 
stratified seeds after one week at 20° C as a percent- 
age of the maximum unstratified germination. 


TaBLE 5. Percentage germination of maximum at 
graded temperatures 





20°C 


Population 
stratified 


3°C | 10°C | 15°C | 20°C | 25°C | lead 








94.3 
154.5 
103.8 
102.8 

69.0 
113.8 
132.0 


100.0 62.9 | 28.6 | 
| 36.4 | 
19.2 | 


80.0 | 
72.7 | 100.0 | 45.5 
53.8 | 100.0 | 46.2 
| 100.0 | 97.3 | 67.6 | 48.6 | 
69.0 | | 93.1 | 72.4 
89.7 .0 | 72.5 | 65.5 
76.0 72.0 | 64.0 | 
100.0 .0 | 67.6 | 55.9 | 117.6 
74.1 .0 | 77.8 | 55.6 | 129.6 
80.8 73.1 | 50.0 | 107.7 
69.2 100. 0 | 46.2 | 53.8 | 76.9 


Elephant’s Back by 17.1 | 
Medicine Bow Mts.. 
Beartooth Mts....... 


co 
a 
ao 


| 


Donjek Mts. 

Eagle Summit....:....| 
Pitmegea River 
Sagavanirktok River... 
re 
Thule, Greenland 
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Several generalizations may be made from this 
table. In all but the Logan Pass population, the max- 
imum germination occurs at 20° C. Germination is 
less at 10° C than at 30° C in all but the Medicine 
Bow Mts. population. Lastly, in most populations, 
the germination of stratified seeds was higher than 
the maximum germination percentage of unstratified 
seeds after 2 weeks at 20° C. 


ALTERNATING TEMPERATURES 
ON GERMINATION 


EFFECT OF 


A more natural situation was provided for germi- 
nation by placing equal numbers of seeds of two al- 
pine populations and two arctic populations in the 
alpine and in the arctic growth chambers where they 
were subject to the influence of alternating tempera- 
tures. The average percentage germination at 3 
weeks for these populations in the 2 chambers is 
shown in Table 6. In all instances, germination was 
lower in the arctic chamber than in the alpine. How- 
ever, it may be significant that the germination of the 
arctic populations was less reduced than those of 
alpine populations in the arctic chamber, with its 
colder day and night temperatures. 
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TABLE 6. Percentage germination in ‘‘arctic’’ and 
‘‘alpine’’ diurnal temperature cycles 





Arctic as 
| percent of 
| alpine 


1 
| 
| 
| 
| 


Population 








31.0 
37.2 
81.4 
57.0 


Elephant’s Back 
Po ee 
Pitmegea River 
Sagavanirktok River. ... 





GROWTH AND DEVELOPMENT 


EFrrect OF CONTROLLED ENVIRONMENTS ON GROWTH 

Laboratory measurements of rates of petiole elon- 
gation, leaf expansion, and leaf production were made 
on 5 Oxyria populations: Loveland Pass, Highwood 
Pass, Donjek Mts., Eagle Summit, and Pitmegea 
River. These rates were measured on 10 individuals 
of each population in each of the two growth cham- 
bers, arctic and alpine. All of the plants were grown 
from seed and were 2 months old at the time of first 
measurement. The initial and final measurements for 
a 10-week period are given in Table 7. 


TABLE 7. Growth measurements of Oxyria plants 
under controlled regimes* 





MEAN 
Lear NuMBER 


Megan 
Lear WiptH 


Initial | Final 


MEAN 
, . PetioLe LencTu 
Population and regime 





Initial | Final 








| Initial | Final 
| 


Loveland Pass 
Alpine chamber 7 | 9.9 
Arctic chamber..........| 73°") 

Highwood Pass | 
Alpine chamber....... 7 5 i 
Arctic chamber......... 

Donjek Mts. 

Alpine chamber 
Arctic chamber..........| 

Eagle Summit 
Alpine chamber... .... .| 
Arctic chamber......... .| 

Pitmegea River 
Alpine chamber. ........ 

Arctic chamber..........| 


0.9 | 4.0 : 27.1 
1.0 | 3.5 23.2 





45.8 
45.9 


17.0 
27.1°" 


12.9 
13.6 





11.4 
14.6 





* All measurements in centimeters. 
** Significant difference between means (5% level). 


*** Highly significant difference between TLAns (1% level). 


The average initial petiole length in all popula- 
tions was essentially the same. The final petiole 
length on plants in the alpine chamber decreased 
progressively from the southern to the northern popu- 
lations. On the other hand, the terminal measure- 
ments on populations in the arctic chamber fell into 
two groups. Plants from the 3 southernmost popula- 
tions had identical averages, 7.2 while the 2 
northernmost populations averaged 5.3 and 4.8 em. 
The Loveland Pass population, of far southern alpine 
origin, was the only one to have longer petioles in the 
alpine chamber than in the arctic; this difference was 
significant at the 1% level. 


em, 
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Initial measurements on leaf width were similar 
for all of the populations, although Eagle Summit 
plants had slightly wider leaves. The final measure- 
ments on leaf width showed the same trends as those 
shown by petiole length. In the alpine chamber, the 
widths decreased from south to north. In the arctie 
chamber, there were two groups: the 3 southernmost 
populations had average measurements in the 3 em 
region, whereas the 2 northern populations had aver- 
ages in the 2 em region. Again, Loveland Pass was 
the only population with larger measurements in the 
alpine chamber. 

Later, evidence will be presented which indicates 
that the comparison of the populations in the alpine 
chamber is actually an expression of a clinal growth 
response to photoperiod. On the other hand, in the 
arctic chamber where all of the populations had an 
ample photoperiod for growth and flowering, the 
differences between populations are an expression of 
genetically based morphological differences. 

A comparison between treatments of the averages 
of leaf width and petiole length shows that, in the 
southernmost alpine population, the maximum devel- 
opment in these characters was in the alpine chamber. 
For the other populations, the opposite was true, 
with greater development in the arctic chamber. The 
Loveland Pass population was the only one in this ex- 
periment which came from an environment with a 
maximum photoperiod of less than 15 hrs, the photo- 
period regime of the alpine growth chamber. This 
may explain the growth trend reversal for this popu- 
lation in comparison with the others. 

The data on leaf number are similar in all respects 
to those of leaf expansion and petiole elongation with 
one major exception. The Highwood Pass population 
had a very high number of leaves in both treatments, 
almost twice that of any other population in either 
treatment. This aclinal variant somewhat obscures, 
but does not negate, the trends already discussed. 

In Figure 6, representatives of the populations are 
arranged with the southernmost on the left extending 
latitudinally to the northernmost on the right. These 
plants had all been in the arctic or alpine chambers 
for three months at the time of the photographs, not 
long enough for most populations to flower. The 
elinal growth rate from south to north is well-illus- 
trated. 


EFFECT OF CONTROLLED ENVIRONMENTS ON 
PHENOLOGICAL DEVELOPMENT 

A second group of populations was grown in the 
controlled chambers and the plants were scored at 
weekly intervals for phenological development. 

In this group of populations were Elephant’s 
Back, Medicine Bow Mts., Logan Pass, and Sagava- 
nirktok River. Ten members of each population were 
placed in each of the arctic, alpine, and constant 
growth chambers. These chambers had the follow- 
ing temperature and light regimes: alpine chamber, 
15-hr photoperiod, 12-hr day temperature of 65° F 
and a 12-hr 40° F night temperature; arctic chamber, 


CoMPARATIVE PHYSIOLOGICAL EcoLoGgy 


Aspects of plants from a latitudinal collection 
Origin 


Fig. 6. 
of populations grown under uniform conditions. 
from left to right: Loveland Pass, Highwood Pass, 
Donjek Mts., Eagle Summit, Pitmegea River. Photo- 
graph A is from the alpine chamber; photograph B from 
the aretic chamber. Plants had been under controlled 
eonditions for only 3 months, not long enough for most 
populations to produce flowering plants. 


24-hr photoperiod, 12-hr temperature period of 55° F 
and a 12-hr temperature of 35° F; constant tempera- 
ture chamber, 12-hr photoperiod and a 24-hr thermo- 
period of 50° F. 

At the beginning of the experiment, all plants were 


4 month old pre-floral seedlings. The first plants 
started coming into flower after being in the chamber 
for 2 months. In Table 8 are given the weekly flower- 
ing or fruiting percentages of each population in 
each of the 3 chambers. 

Both the Elephant’s Back and Medicine Bow Mts. 
populations occur in environments which have a maxi- 
mum photoperiod of 15 hrs or less. Logan Pass has 
a natural maximum photoperiod of approximately 
16 hrs, and Sagavanirktok River has over 2 months 
of continuous light in midsummer. 

In the constant temperature growth chamber, while 
it was set on a 12-hr photo-period, no plants of any 
population flowered. 

In the alpine chamber (both Elephant’s Back and 
Medicine Bow Mts. populations quickly attained a 
100% flowering condition. Most of the Logan Pass 
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TABLE 8. Percentages of plants in four populations 
flowering or fruiting at end of weekly intervals 





Time ELePHANT’s Back MEpbicINE Bow Mrs. 





in ——— - 
weeks | Alpine | Arctic | Constant | Alpine 


a 
10 
30 
30 


| Arctic 
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Table 8 (continued ) 





| 

Time | Logan Pass 
| eae cop 
weeks | Constant | Alpine |Arctic| Constant | Alpine |Arctic 


-|— 


0 0 0 0 Be 0 

0 0 0 0 

0 0 | 0 0 

0 10 0 0 

0 0 0 

0 0 0 

0 ; 0 

0 0 

0 0 

0 0 

0 0 

0 é 0 

0 0 
0 
0 
0 
0 
0 


SAGAVANIRKTOK RIVER 











= 
—_ 


1 
2 
3 
4 
5 
6 
7 
8 


0 
0 
0 
0 
0 


ooococococecoo 


plants were considerably retarded. Only 50% of the 
individuals had reached a flowering condition 4 
months after the first plants of any populations had 
flowered. The Sagavanirktok River population failed 
to flower or fruit at all in the alpine chamber. 

Thus, in the alpine chamber there appeared to be 
a latitudinal ecotypie response to a 15-hr photoperiod. 
Those populations which have a natural photoperiodic 
maximum of 15 hrs or less, produced flowers and 
fruits normally. The Logan Pass population, orig- 
inating from an area which has a natural maximum 
photoperiod of 16 hrs, has some members which do 
flower and others which do not flower and fruit 
normally at the 15-hr photoperiod. Finally, the Sag- 
avanirktok River population, whose natural environ- 
ment has a maximum photoperiod considerably in 
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excess of 15-hrs, completely fails to flower or fruit 
under so short a photoperiod. 
In the aretie chamber, which 


had a continuous 


Fig. 7. Plants from Elephant’s Back, California, 
population grown under controlled alpine (A) and arctic 
conditions (B). 


ad 
Fie. 8. Plants from the Medicine Bow Mts., Wy- 
oming, population grown under controlled alpine (A) 
and arctic conditions (B). 
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Fig. 9. Plants from the Logan Pass, Montana, popu- 
lation grown under controlled alpine (A) and arctic 
conditions (B). 


Fig. 10. Plants from the Sagavanirktok River, Alaska, 
population grown under controlled alpine (A) and arctic 
conditions (B). 


photoperiod, all populations came into flower rela- 
tively quickly. 

The general aspect of the plants grown during this 
experiment in the aretie and alpine chambers is shown 
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in Figures 7, 8, 9, and 10. These photographs were 
all taken on the same day, immediately prior to the 
first date of inflorescence harvest. 

Although there is evidence that temperature may 
limit photoperiodi« ‘duction in some plants (Thomas 
1956), there was pruvably no significant difference in 
such induction between Oxyria plants in the aretie 
and alpine growth chambers due to temperature alone. 
There was only a 5° F difference in the minimum 
daily temperatures of the two chambers and 10° in 
the maximum. There is no way of evaluating the 
temperature effect on photoinduction from the present 
data. However, the fact that flowering in most popu- 
lations did not occur in the higher mean temperature 
(52.5° F) of the alpine chamber but did oceur in 
the lower mean temperature (45° F) of the arctic 
chamber, does appear to indicate that low tempera- 
ture was not limiting. 

At the conclusion of the first experiment, the photo- 
period of the constant growth chamber was shifted 
from 12 to 17 hrs, but the temperature was main- 
tained at 50° +. While the plants were on the 12- 
hr photoperiod, they all formed perennating buds at 
the soil surface but maintained functional leaves; in 
effect, they rosetted. Near the conclusion of the 
12-hr photoperiod experiment, the temperature of the 
constant chamber accidentally dropped to 15° F for a 
12-hr period. This low temperature damaged the 
functional leaves but not the perennating buds. When 
this chamber was switched to a 17-hr photoperiod, 
the plants very rapidly broke bud dormancy and be- 
came vegetative. In 3 weeks time, the first plants 
had come into flower. 

The populations represented in the constant cham- 
ber included the Medicine Bow Mts., Logan Pass, 
Eagle Summit, and Sagavanirktok River. Thus, the 
group differed from the one present in the aretie 
and alpine chambers by lacking Elephant’s Back and 
having the additional Eagle Summit population. The 
flowering percentages of each population during the 
17-hr photoperiod experiment in the constant cham- 
ber are given in Table 9. Only the 2 southern popu- 
lations displayed flowering activity. The 17-hr photo- 
period of the constant growth chamber was nearest 
to the natural 16-hr photoperiod of the Logan Pass 


TABLE 9. Percentage of plants in flower at weekly 
intervals in the constant chamber under 17 hour photo- 
period 





Sagavanirktok 
River 


Logan Eagle 
Pass Summit 


Medicine 
Bow Mts. 


Time in 
weeks 





0 0 
0 20 
0 60 
0 80 
0 80 
0 80 

100 

100 


CON orm CODD 
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population. The fact that this population flowered 
first in this chamber indicates how closely adjusted 
these populations are to the natural summer day- 
length at their respective latitudes. The Medicine 
Bow Mts. population, with a natural maximum photo- 
period of 15-hrs, although flowering, was significantly 
delayed in comparison to the Logan Pass plants. 


INFLORESCENCE PRODUCTION 

The total inflorescence production of the popula- 
tions in the first group was tabulated for a 5-month 
period (Table 10). The data are expressed as the 
average number of inflorescences harvested per plant 
during the total time period and do not represent 
the number present on a plant at any given time. 
The production was tabulated only for plants in the 
arctic chamber where all populations had an ample 
photoperiod for flowering. The 5-month period com- 
menced with the time of appearance of the first in- 
florescence in the whole group of populations. 


Inflorescence production of selected popu- 
lations in the arctic chamber over a five-month period 


TABLE 10. 





l 
| Average number of inflores- 


| 
Population cences produced per plant 





Elephant’s Back............. 24.9 


Medicine Bow Mts........... 21.2 
ee... 10.3 
Sagavanirktok River......... aan 





There is a distinct decrease in inflorescence produc- 
tion from southern to northern populations. This 
trend in inflorescence production would be consid- 
erably magnified if the data were converted to rel- 
ative seed production. This is because of the south 
to north decrease in inflorescence branching which 
was discussed earlier in the analysis of morphological 
variability. 

In the field, there appears to be a decrease in the 
importance of seed production in the north. At the 
far northern end of its range, in Peary Land, Green- 
land, Oxyria was not observed to set fruit (Holmen, 
1957). The trend of increased rhizome production 
in the north has already been shown and likely com- 
pensates to some extent for reduced seed production. 

It should be pointed out that the 5-month span of 
observation would constitute at least two growing 
seasons in the field. Thus, the production during such 
a prolonged growing period is not an index to actual 
field production, but shows at least a probable ge- 
netic difference between populations. 

The fact that plants were kept in a continuously 
flowering condition for periods of up to a year in the 
growth chamber indicates that there is no inherent 
seasonal periodicity in the reproductive process. 


DorMANCY 


Under a 12-hr photoperiod, in the growth cham- 
bers, perennating buds were formed. Functional 


Ecological Monographs 

Vol. 31, No. 1 
leaves, however, were retained until the advent of 
subfreezing temperatures. 

A similar situation prevailed in greenhouse-grown 
plants. In the fall, Oxyria plants produced peren- 
nating buds and maintained this condition throughout 
the winter in spite of warm greenhouse temperatures. 
Several or no functional leaves were retained on these 
plants. Oxyria could be brought out of this dormant 
state by extending the photoperiod to 24 hrs with- 
out altering the temperature regime. During the 
winter, in the greenhouse, the temperature never fell 
below 38° F. However, plants kept outside under 
a 24-hr photoperiod and subjected to night tempera- 
tures as low as 24° F did not break dormancy until 
warmer temperatures prevailed. 

A short photoperiod, then, will induce perennating 
bud formation even under the influence of relatively 
high temperatures. Long photoperiods will bring the 
plants out of this dormant state unless they are sub- 
jected to unfavorably low temperatures. 





PHOTOSYNTHESIS AND RESPIRATION 


Firetp Rates 


The rate of apparent photosynthesis of intact 
Oxyria plants was measured twice in the field. Both 
test periods were made at mid-day during July, 1958, 
in the Medicine Bow Mts. at an elevation of 10,800 
ft. 

There was a rather wide fluctuation in the photo- 
synthetic rate and also in temperature and solar 
radiation which were measured simultaneously. Such 
variation is rather typical for such regions where 
variable afternoon cloudiness during the summer is a 
regular occurrence. The maximum observed photo- 
synthetic and respiration values for both test periods 
are given in Table 11, expressed on fresh weight, 
square decimeter, and milligram of total chlorophyll 
bases. 


TABLE 11. Maximum observed field rates of photosyn- 
thesis and respiration 

















| | | Chamber 

Per gm Per Per mg temperature | Light 
fw/br dm?/hr* chlorophyll/hr (°C) (f. ¢.) 

parry Onsen rl m bt 

Photosynthesis | | 
July 9......] 3.65 fm es, Ie? eae 8,700 
July 22......| 3.74 10-1 7.52 25 9,000 

Respiration 
July 9......| 0.85 1.35 ee ee See te 
July 22......] 0,18 0.35 ee poe | 0 





* Leaf areas throughout this study were calculated as the sum of both upper 
and lower surfaces. 


To find out if it was possible to distinguish roughly 
between light and temperature effects on photosyn- 
thetic rate, all of the 5-minute interval rates from 
both the July 9 and July 22 test periods were pooled 
and plotted against the chamber temperature and are 
presented in Figure 11. With the exception of sev- 
eral apparently aberrant values, a rough temperature- 
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dependent photosynthetic curve is formed. The 
aberrant values all represent photosynthetic rates oc- 
curring at light intensities of 1,800 fe or less, and 
may, therefore, represent light-dependent values, at 
least for the temperature range examined. Since 
2,000 fe values fall into the temperature-dependent 
curve, photosynthetic light saturation in the field ap- 
parently oceurs at approximately 1,900 to 2,000 fe. 


am a 


MG cO,/0M*/HR 








10 15 20 25 30 35 
TEMP °C 
Fig. 11. Relationship between field photosynthetic 
rate and chamber temperature. Open circles are photo- 
synthetic values occurring at 1,800 fe or less. 


Wager (1941) reports a maximum observed photo- 
synthetic rate for this species in East Greenland as 
9.0 mg/dm? (leaf surface)/hr which is a little above 
the 7.4 mg/dm?/hr peak observed in the Medicine 
Bow Mts. The estimated average light saturation 
value from Wager’s light curves is approximately 
1,800 fe, which is comparable to the estimated value 
from the Medicine Bow Mts. Wager also gives res- 
piration values for Oxyria on a gram fresh weight 
basis for 0° C, 10° C, and 20° C, which are respee- 
tively 0.10, 0.31, and 0.52 mg/gfw. The two respira- 
tion values given in Table 11 for the Medicine Bow 
Mts. fall above and below the expected magnitude by 
interpolation into Wager’s curve. 


FieELD CHOROPHYLL MEASUREMENTS 

The averaged chlorophyll values on a fresh weight 
and a leaf area basis are given in Table 12 for popu- 
lations from the Medicine Bow Mts., Wyoming, and 
Eagle Summit, Alaska. The Medicine Bow values 
represent an average of 5 determinations. There were 
only 2 determinations from Eagle Summit, since some 
samples were lost in transit. From these limited 
data, it appears that plants from the low elevation, 
more northerly, Eagle Summit population have a 
higher total chlorophyll content on both a fresh 
weight and leaf area basis than plants from the high 
elevation populations of the Medicine Bow Mts. far 
to the south. 


LABORATORY RATES 
A primary objective in the laboratory gas exchange 
measurements was to determine if differences in photo- 
synthesis and respiration rate potentials exist among 
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TABLE 12. eontents of field-collected 


leaves 


Chlorophyll 





| Medicine Bow Mts. | Eagle Summit 


mg. C/gm. f.w..... 


| 636 
867 


Oxyria populations. A secondary concern was the 
evaluation of the effects of the controlled alpine and 
arctic environments on these particular processes. 

All photosynthetic values presented here are of 
apparent or net photosynthesis which is equal to 
gross photosynthesis minus the “light” respiration 
value. 

Two types of compensation points are considered. 
One, the light compensation point, is that light value, 
at a given temperature, where the net photosynthetic 
rate is equal to zero, i.e., the gas exchange is balanced. 
The other, the temperature compensation point, is 
used here in the sense of Transeau, Sampson & Tif- 
fany (1940), as that temperature, at a given light 
intensity, where the apparent photosynthesis rate 
intersects or equals the dark respiration rate. Ac- 
tually, on any given temperature-dependent photo- 
synthetic curve, there would be two such compensa- 
tion points, the upper and the lower. No lower tem- 
perature compensation points were determined in 
this study. The upper temperature compensation 
point, as used here, is not actually a true compensa- 
tion point since the gas exchange is not balanced in 
the photosynthetic organ; gross photosynthesis is 
progressing at twice the respiration rate. The upper 
temperature at which gross photosynthesis and res- 
piration are equal (the true temperature compensa- 
tion point) would presumably be near the lethal tem- 
perature limit for the plant and would be difficult to 
determine. 


EFFECT OF CONTROLLED ENVIRONMENTS ON 
PHOTOSYNTHESIS AND RESPIRATION 

A series of determinations of photosynthesis at 
20° C and dark respiration at 15° C were made on 
even-aged plants from both the alpine and arctie 
growth chambers representing four populations: Ele- 
phant’s Back, Medicine Bow Mts., Logan Pass, and 
Sagavanirktok River. All the plants in this series 
from the aretie chamber had flowered, as had those 
from the alpine chamber with the exception of the 
Alaskan population, which was held in a non-flower- 
ing condition by the 15-hr photoperiod. 

The 20° C determinations are expressed on a leaf 
area basis and are presented in Figure 12 as aver- 
ages of three or four determinations, each from a 
different plant. In al! instances, the photosynthetic 
rate of plants in the arctic treatment was less than 
that of similar plants in the alpine treatment. This 
difference is, in all probability, a response to the high 
leaf carbohydrate status of the plants grown in the 
arctic chamber. 
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Fig. 12. Average laboratory-determined photosynthetic 
rates at 20°C on a leaf area basis. Unshaded bars for 
plants grown in the alpine chamber; shaded bars, plants 
grown in the aretic chamber. Numbers refer to the 
following populations: 1. Elephant’s Back, California, 2. 
Medicine Bow Mts., Wyoming, 3. Logan Pass, Montana, 
4. Sagavanirktok River, Alaska. 


The average photosynthetic rates at 20° C of plants 
from all populations in the arctic chamber were sur- 
prisingly constant, varying between approximately 
3 to 3.5 mg CO./dm?/hr. There was, however, con- 
siderable variation in the values from the plants in 
the alpine chamber. Although these plants were 
even-aged, they were not equally developed since the 
Logan Pass plants were considerably retarded in 
flowering and those from Sagavanirktok River were 
not fruiting at all because of the relatively short 
photoperiod. It may be that the difference observed 
in the average photosynthetic rates of plants from 
the alpine chamber were responses to their unequal 
developmental stage which in turn was an ecotypie 
response to short (15 hrs) photoperiod. 

These same results, when expressed on a milligram 
of chlorophyll basis, show a striking reduction in the 
average Assimilation Number (photosynthetic rate 
on a unit chlorophyll basis) of the Sagavanirktok 
River population, irrespective of treatment, as ‘llus- 
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, Fie. 13. Average laboratory-determined photosyn- 
thetic rates at 20°C on a chlorophyll basis. Unshaded 
bars refer to average population rates of plants grown 
in the alpine chamber. Shaded bars refer to average 
tates of plants grown in the arctic chamber. Numbers 
refer to the following populations: 1. Elephant’s Back, 
California, 2. Medicine Bow Mts., Wyoming, 3. Logan 
Pass, Montana, 4. Sagavanirktok River, Alaska. 
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trated in Figure 13. This will be discussed at greater 
length when the results of the leaf chlorophyll con- 
tents of the various populations are presented. 

The determinations of the dark respiration rates 
at 15° C represent averages of 5 replications on each 
population from each treatment, and also include an 
additional Alaskan Population, Eagle Summit. The 
results are shown in Figure 14, where the averages 
are expressed on a mg CO./gfw/hr basis. 


me CO, /GFW/HR 
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Fig. 14. Average laboratory-determined respiration 
rates at 15°C on a fresh weight basis. Unshaded bars 
refer to average population rates of plants grown in 
the alpine chamber. Shaded bars refer to average rates 
of plants grown in the arctic chamber. Numbers refer 
to the following populations: 1. Elephant’s Back, Cali- 
fornia, 2. Medicine Bow Mts., Wyoming, 3. Logan Pass, 
Montana, 4. Eagle Summit, Alaska, 5. Sagavanirktok 
River, Alaska. 


The results of the respiration measurements are 
somewhat difficult to interpret. Alpine chamber 
plants from the two Alaskan populations showed 
markedly higher respiration rates than southern 
plants from the same chamber. In the alpine cham- 
ber, respiration rate increased latitudinally from 
southern plants to northern plants. The real diffi- 
culty lies in explaining the effect of either treatment 
in respect to the other. The results may be viewed, 
perhaps, as a respirational imbalance produced by 
environmental displacement. The 3 southern alpine 
populations had a slightly increased respiration rate 
when grown in the arctic chamber. The two north- 
ern or Alaskan populations had an increased respira- 
tion rate when grown in the alpine chamber. Ap- 
parently, the greater the geographical displacement, 
the greater the imbalance. A complicating factor 
may have been the differential development of the 
plants, since the two northern populations in the 
alpine chamber remained in a vegetative condition. 


EFFECT OF CONTROLLED ENVIRONMENT ON 
CHLOROPHYLL CONTENT 
After being used in the gas exchange determina- 
tions, the leaves of plants from the arctic and alpine 
chambers were analyzed for total chlorophyll. The 
averaged values in milligrams of chlorophyll are 
given both on a per gram fresh weight and a leaf 
area basis in Table 13. The trend among popula- 
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TABLE 13. Leaf chlorophyll content of Oxyria plants 
grown under controlled conditions 





ALPINE CHAMBER 


| Arctic CHAMBER 





Population 
mg/gm | mg/dm? 





| mg/gm | mg/dm? 


Elephant’s Back a | .50 
Loveland Pass.......)  .: .67 
Medicine Bow Mts....; .32 | .53 45 
Logan Pass ae | .56 .64 
Donjek Mts..........| . =. aa — 
Eagle Summit....... .| | — | 1.38 
Sagavanirktok River. . .52 .97 1.27 
Pt. Barrow ee .85 


33 | 62 





tions appears comparable using either basic unit. The 
results, therefore, will be discussed in general terms. 

In comparing chlorophyll contents under the two 
treatments, the difference between chambers was 
greater in the northern populations which had higher 
values in the alpine chamber. This effect is prob- 
ably related to the non-flowering condition of the 
arctic populations in the alpine chamber. Among the 
populations that flowered in both chambers, there 
was little difference in chlorophyll content. 

A comparison among populations within either 
chamber showed higher average chlorophyll content 
in the northern plants. In spite of the higher con- 
centration of chlorophyll in the northern populations, 
there was little difference in the photosynthetic rate 
at 20° C on a leaf area basis. This results in an ap- 
parent decrease in assimilation number, or decrease 
in photosynthetic efficiency per unit of chlorophyll, 
in these populations. 


COMPARISON OF FIELD AND LABORATORY RESULTS 


Extrapolation of laboratory results to field situa- 
tions should be made with great care. A minimum 
requirement for such extrapolation should be an an- 
alysis of the relative effect of the laboratory environ- 
ment on the basic physiological responses of the 
organism as compared to the effect of the natural en- 
vironment. An attempt has been made to assemble 
data of this sort in the present study. 

PHOTOSYNTHESIS AND RESPIRATION 

Table 14 shows the maximum rates of photosyn- 
thesis and dark respiration observed in the field and 
in the laboratory for plants of the Medicine Bow 
Mts. population. The laboratory rates are from 20° 
C determinations, which approximates the tempera- 
ture of the field determinations. The photosynthetic 
rates agree very closely on both a gram fresh weight 
and milligram of chlorophyll basis. The laboratory 
rate on the basis of a square decimeter of leaf area 
is less than that from the field. There is very close 
agreement between the respiration rates from the 
field and the laboratory. 

Although caution must be exercised in the use of 
such single values by themselves, they do indicate 
that the laboratory photosynthesis and respiration 
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TABLE 14. Maximum observed rates of photosynthe- 
sis and respiration in field and laboratory in Oxyria 


.plants from the Medicine Bow Mountains 





| mg CO2/m 
mg CO2/gfw/hr | mg CO2/dm?/hr | chlorophyll/hr 


Photosynthesis 
Field...... 
Laboratory . 

Respiration 
Field. ... 
Laboratory . . 


3.74 
3.98 


0.83 
0.85 


rates of Oxyria plants grown in simulated environ- 
ments are of the same order of magnitude as those 
of Oxyria plants in their native habitat. 

Both Russell (1940b) and Warren Wilson (1959, 
1960) have published net assimilation rates for Oxyria 
from Jan Mayen Island based on carbohydrate in- 
crease in detached leaves. Russell gives a figure of 
0.30 g/dm*/wk. Warren Wilson using leaves from 
a single source reports 0.34 g/dm*/wk for leaves 
exposed on a windswept summit and 0.46 g/dm?/wk 
for those in a sheltered hollow. His other measure- 
ments, using Oxyria from various habitat types, 
range from 0.54 g/dm*/wk to 0.66 g/dm*/wk. Most 
measurements on Jan Mayen were made in late 
August on plants which probably were in fruiting or 
post-fruiting condition. 

These Jan Mayen net assimiliation results were com- 
pared with an approximated value calculated from 
photosynthesis and respiration rates of plants of the 
Eagle Summit and Sagavanirktok River populations 
grown in the arctic chamber. A photoperiod of 17.5 
hrs was selected for the calculations. This photo- 
period approximates that at latitude 71°N on the 
21st of August. Average net photosynthesis at 10°C 
was used to approximate day-time gain. To calculate 
night time loss, 5°C dark respiration values were used. 
Warren Wilson (1960) reports mean maximum and 
mean minimum August temperatures from Jan Mayen 
as 8.8°C and 4.9°C, respectively. Warren Wilson 
(1957) also gives temperatures for a similar period 
in August for Resolute, Cornwallis Island, 4° in 
latitude north of Jan Mayen Island. Air tempera- 
tures 1 em above the ground for a diurnal period at 
Resolute had an approximate maximum of 6°C and 
a minimum near 2°C. Bliss (1956) gives mean 4 a.m. 
air temperatures of 2°C for late August and noon 
values at 8°C for 5 em above the ground in an arctic 
habitat (Umiat, Alaska) 3° in latitude south of Jan 
Mayen. If anything, then, the temperature values 
selected for calculation are a bit high. Seventy per 
cent was used as the conversion factor for converting 
COz fixed to carbohydrate produced. 

The net assimilation rate of our laboratory grown 
plants was caleulated to be 0.53 g/dm*/wk. This is 
very close to the quoted field rates. Single-surface 
leaf area was used as the basis in this instance so as 
to conform with the techniques used on Jan Mayen. 

Both Russell and Warren Wilson emphasize the 
approximate nature of their field-determined net 
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assimilation rates. Russell says that these values 
should be considered as a minimum of the actual 
potential. Yet, the agreement between the calculated 
and field rates is quite good. 


CHLOROPHYLL CONTENT 

The average field values for leaf chlorophyll in 
plants of the Medicine Bow Mts. population were 0.39 
and 0.67 mg on a gram fresh weight and a square 
decimeter of leaf area basis, respectively. The 
average chlorophyll values from cultivated plants of 
this population from the alpine chamber were 0.45 
and 0.65, respectively. The close agreement between 
the field and laboratory chlorophyll values is ob- 
vious. 

The Eagle Summit chlorophyll contents from field- 
grown plants, 0.52 mg C/gfw and 0.97 mg C/dm?, 
can be compared with the values of 0.67 and 0.87 
from Sagavanirktok River plants grown in the arctic 
chamber. There are no available arctic chamber 
chlorophyll values for Eagle Summit. Again, the 
agreement is fairly close but not so close as in the 
Medicine Bow Mts. chlorophyll contents. 


POPULATION DIFFERENCES IN PHOTOSYNTHESIS AND 

RESPIRATION RATES IN RESPONSE TO TEMPERATURE 

A somewhat more detailed study of the apparent 
differences between the rates of photosynthesis and 
respiration of the populations was made by construct- 
ing temperature curves for these processes. To in- 


sure equally developed plants, even-aged fruiting 
specimens from the arctic chamber were utilized. 
Determinations were made at temperatures ranging 


from 0° C to over 40° C. Unfortunately, at the 
2,100 fe light intensity utilized for these determina- 
tions, 10° C was the lowest temperature that could be 
maintained for photosynthetic measurements. This 
was due to the inadequacy of the chamber cooling 
system. 

The general shapes of the photosynthesis-tempera- 
ture curves were similar for the three southern alpine 
populations, with maximum rates occurring at the 
same temperatures. The photosynthesis curves for 
the two northern populations had peaks at lower 
temperatures than those of the alpine plants. The 
actual average photosynthesis rates of the different 
populations were somewhat variable at any given 
temperature. In order to present more representative 
average rates without affecting the characteristics of 
the curve, the results from the 3 southern alpine popu- 
lations were pooled and those from the two Alaskan 
populations were also pooled. Determinations within 
5° C intervals were considered as a class. The values 
derived, representing in some instances as many as 9 
separate determinations, are presented in Figure 15. 

A number of important differences are apparent in 
a comparison of the curves for the southern and 
northern populations. First, the photosynthetic 
peak in the northern populations is at a lower tem- 
perature, although the maximum photosynthetic rate 
is essentially the same in both groups. Second, the 
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Fig. 15. Average photosynthetic and respiration rates 
of a southern alpine population group (Elephant’s Back, 
Medicine Bow Mts., and Logan Pass), and of a north- 
ern population group (Eagle Summit and Sagavanirk- 
tok River), at different temperatures. Solid circles refer 
to average photosynthetic rates of the northern group; 
open circles, average photosynthetic rates of the southern 
group; circled X’s, average respiration rates of the 
northern group; X’s, average respiration rates of south- 


en group. 


respiration rate in the northern population is con- 
siderably higher, particularly at the higher tempera- 
tures. 

The separated photosynthetic peaks and the dif- 
ferent respiration rates result in a difference in the 
upper temperature compensation points. This may 
be seen by extrapolation of the curves. Actual deter- 
minations of the upper temperature compensation 
point yielded an average of 35° C (4 determinations) 
for the southern alpine group and 27° C for the 
northern populations (2 determinations). These 
actual determinations thus confirm that the compensa- 
tion points are quite different. 

To investigate further the apparent dissimilarity 
between northern and southern groups, two addi- 
tional populations were tested. Temperature curves 
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Fig. 16. Average photosynthetic and respiration rates 
of a southern alpine population, Loveland Pass, Colorado, 
and a northern population, Donjek Mts., Yukon Terri- 
tory, at various temperatures. Average photosynthetic 
rates: solid circles, plants from the Donjek Mts.; open 
cireles, plants from Loveland Pass. Average respiration 
rates: circled X’s, plants from the Donjek Mts.; X’s, 

plants frum Loveland Pass. 





January, 1961 


were plotted from gas exchange measurements on 
even-aged pre-floral plants grown in the arctic cham- 
ber from Loveland Pass, Colorado, and the Donjek 
Mts., Yukon Territory. The average results of trip- 
licate analyses for each series are given in Figure 16 
on a mg CO./dm?/hr basis. 

Although the plants were of the same age, they 
had exhibited a marked inequality in growth rate, 
which was probably a reflection of the differences of 
the photosynthetic rates. Aside from this, the es- 
sentials of the curves for the two population types 
are the same as presented earlier, that is, different 
temperatures for maximum photosynthetic rate, and 
a large difference in respiration rate. As a result, 
the upper temperature compensation points are de- 
cidedly different; the northern race reached compen- 
sation at about 22° and the southern race at 35° C. 


POPULATION DIFFERENCES IN PHOTOSYNTHETIC 
RESPONSE TO LIGHT 

Duplicate determinations of photosynthetic rate 
were made for an arctic and an alpine population at 
light intensities ranging from 55 to 5,200 fe. The 
determinations were made at 20° C on plants from 
Loveland Pass and the Donjek Mts. The resultant 
photosynthesis-light curves are presented in Figure 
17. 
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Fig. 17. Photosynthetic light curves at 20°C for a 
southern alpine population, Loveland Pass, Colorado, and 
a northern population, Donjek Mts., Yukon Territory. 
Open circles refer to average photosynthetic rates of 
plants from Loveland Pass. X’s refer to average photo- 
synthetic rates of plants from the Donjek Mts. Note 
change in light intensity scale between 2,000 and 3,000 
fe. 


There was little difference in the light compensa- 
tion points for the two populations. Both were lo- 
cated between intensities of 250 to 350 fe. However, 
there was a marked difference in the light-saturation 
figures. The high altitude Loveland Pass population 
did not become completely light-saturated even at 
5,200 fe. On the other hand, the Donjek population 
ria) apparent saturation at approximately 2,000 
¢. 
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Free Amino Acips, SuGARS, AND 
PHOTOSYNTHETIC PRODUCTS 

Leaves from plants of 4 populations were analyzed 
for free amino acids, sugars, and photosynthetic prod- 
ucts. The leaf material was taken from greenhouse- 
grown pre-flowering plants in May. 

A detached leaf was placed in a photosynthetic 
chamber with its petiole in a vial of water. The 
chamber was then sealed and 20% lactie acid was in- 
jected into a sidearm of the chamber which contained 
50 miero-curies of NaHC140,. After a 5-minute 
period, during which the leaf was illuminated at the 
2,000 fe level, the leaf was extracted in alcohol for 
several minutes, the alcohol decanted, and an ex- 
traction made in boiling water. The supernatants 
were combined and brought to volume. Aliquots of 
the extract were chromatographed two-dimensionally 
with phenol and butanol-proprionie acid as solvents. 
Three chromatograms were made of each sample. 
One was developed for amino acids with ninhydrin, 
the second for sugars with anisidine, and the third was 
used to make a radio-autograph. Activity of the 
photosynthetic products, as shown by the radio-auto- 
graph, was measured and expressed as a percentage 
of the total activity. 

The above procedure was followed for leaves from 
2 plants from each of the following populations: 
Thule, Greenland; Eagle Summit, Alaska; High- 
wood Pass, Alberta; and Medicine Bow Mts., Wy- 
oming. Table 15 lists the presence of free amino 
acids and sugars in the leaf samples of the 4 popu- 
lations. 


TABLE 15. Presence of free amino acids and sugars 
in Oxyria leaves 
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Cysteic acid 
Aspartic acid...... 


Glutamic acid | 

Threonine 

Glutamine | 
| 
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Y-aminobutyric acid. 
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No pattern was evidenced -that distinguished or 
Separated these populations’ with the possible ex- 
ception of the relative lack of y-aminobutyric acid in 
the aretic populations. ‘ 

The analysis of the photosynthetic products pre- 
sent in the various populations yielded, similar in- 
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formation. Table 16 lists the products and their TABLE 16. Photosynthetic products—pcreent activity 
percentage activity. 
EaGe HiaHwoop MEDICINE 
THULE Summit Pass Bow 
CARBOHYDRATE AND NITROGEN CONTENTS cS eve Sarasa OF ) 
| | 
a b a | b a b a b 
FieLD CARBOHYDRATE MEASUREMENTS Ce an oe bore! | 
a Phosphate area. .... 34.3 | 36.7 | 34.6 | 33.2 | 37.6 | 30.2 | 34.9 | 25.1 
The results of the field carbohydrate analyses of nn ey - | «l wat © ) 1.1 0 3 
Oxyria plants in the Medicine Bow Mts. made dur- _ Suerose.......... | 16.3 | 11.7| 8.9 | 17.2 | 18.1 | 10.6 | 12.1 | 11.4 
ing the 1958 growing season are plotted in Figure Maltose............. 6) .9| .7| o> | 5; .8| .6 
18. Those given by Russell (1940b) for Oxyria on sane | 
Jan Mayen Island in the Aretie are also plotted.  gerine | 
Although his sampling times are not completely com- Aspartic acid.......| 35.4 | 39.2 | 41.5 | 25.5 | 22.9 | 42.3 | 29.8 | 29.1 
parable to ours, Russell’s values are shown in ap- Alsnine............| 6.8| 4.7) 7.0) 7.6 | 14.4) 8.2) 9.9 | 13.3 
. h eer ae . ‘on . Se ae a Ak ~ | #64 19) — 6 3 
proximate phenologica relationship to those from  Gitrieacid “| as 7} 1.0| 1.5] .9| 1.0] 1.9 
the Medicine Bow alpine area. Malic acid | | 
Both sets of data are comparable in general as- lyeericacid.......) 5.4) 5.6) 6.0) 10.2) 3.8) 6.0) 7.9 | 16.1 
rae . ‘ : : % . Cysteic acid....... zi 68 4) 234: oe Fee: 
pects; that is, surplus carbohydrate levels were main- Gj samic acid Page, Ete ® Snes Denis ew os 
tained throughout. There was a depletion of earbo-  Giycolicacid....... org: (ream (ree Nee ce aA sa 
hydrate reserves during rapid vegetative growth,  Tyrosine...........)| — }-|-|- Gat tex 2/ - 
followed by an increase of stored products. The Leucine......... , ch cae ieee bee's ae abet: Phas Bees 
A Sng 2 : Sedo-heptulose...... -- - 7 1.2, —- |= | _ _ 
gradual increase in root starch reserves continued  f[orticacid?....... 6S RT PE tyr) ee ee Es 
throughout the season. Unknown. .... sl — 4] _ | —|/-— | _ | -|- 


The primary differences shown by the Jan Mayen 
series are: (1) depletion of total carbohydrate re- 
serves in the root extended until fruiting, (2) higher 
carbohydrate levels were attained in the leaves, and 
(3) of most significance, the amplitude of the root 
carbohydrate cycle was not nearly as great as that in 





the Medicine Bow series. The trend in the latter series 
is more like the cycles for several other alpine species 
in the Medicine Bow area (Mooney & Billings 1960). 
In Oxyria and other alpine species in that mountain 
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Fic. 18. Seasonal carbohydrate trend in Oxyria. Total length of bar indicates total carbohydrate pres- 
ent. Shaded portion represents percent starch. Solid lines connect Medicine Bow Mts., Wyoming values. 
Dashed lines connect Jan Mayen Island values as determined by Russell (1940b). 
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range, the depletion of root reserves extended only 
to the pre-flowering stage. The apparent discrep- 
ancy between the root carbohydrate levels at fall 
dormancy and at early vegetative growth is attributed 
to respirational loss under the snow. In this instance, 
the difference may have been partially due to losses 
during early developmental activities after release 
from snow but before the first samples were taken. 
Samples taken in August, 1958, at Eagle Summit, 
Alaska, of Oxyria in late fruit, yielded mean root 
carbohydrate values of 28.96% starch, 24.87% total 
sugar, and 53.50% total carbohydrate, which indi- 
cates a carbohydrate cycle of apparently greater 
amplitude than that of the Jan Mayen arctic series. 


FIELD NITROGEN MEASUREMENTS 


Mean nitrogen contents of the field samples are 
given in Table 17 with the phenological stage at the 
time of collection. In the leaves, and to a lesser ex- 
tent in the roots, of plants in the Medicine Bow se- 
ries, there was a definite decrease in total nitrogen 
in the course of the growing season. The Eagle 
Summit values were slightly lower than those from the 
Medicine Bow at a comparable phenological stage. 
Warren Wilson (unpublished data) found maximum 
leaf nitrogen values of 4.1% in Oxyria plants at 
mid-season on Jan Mayen Island. There is an indi- 
cation, then, of possible lower nitrogen content in 
arctic Oxyria plants as compared to alpine forms. 











TABLE 17. Seasonal total nitrogen content in Oxyria 
plants* 
Leaves | Roots 

Medicine Bow Mts., Wyoming 
Matly WORBIMUVE....... 05.55.05... ( 626 | eee 
Inflorescence elongating. ....... 6.37 | 2.31 
Os Speier Jol) aeek tea 
MME los 6.65 Son Stine gnewe pruversient 5.27 | 2.30 
MEIN 54 he) so coracc borealis 4:65 - | 2Ql 

Eagle Summit, Alaska 

AMER RS op htc aici’ Les! ate Scars 4.87 





* All values as a percentage of alcohol-insoluble residue. 


EFFECTS OF CONTROLLED ENVIRONMENTS ON 

CARBOHYDRATE AND NITROGEN CONTENTS 
Analyses were made of the carbohydrate and nitro- 
gen contents of roots and leaves of plants grown in 
the arctic and alpine chambers. Composite samples 
were taken of two plants from each population in 
each treatment and duplicate determinations were 
made. Leaf samples were taken from the Elephant’s 
Back, Medicine Bow Mts., Logan Pass, and Sag- 
avanirktok River populations. For root analyses, 
the northern population, Eagle Summit, was also in- 
cluded. All plants utilized were even-aged fruiting 
specimens with the exception of those from the two 
northern populations grown in the alpine chamber. 
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TABLE 18, Carbohydrate and nitrogen contents of Ox- 
yria plants grown in controlled environments* 


























Total 
Population and Total | Starch | Carbohy- | Nitrogen 
treatment sugar drate 

Leaves 
Elephant’s Back | 

Alpine Chamber.| 4.52 | 3.09 7.61 6.01 

Arctic Chamber.| 7.28 | 16.95 24.23 5.33 
Medicine Bow Mts. 

Alpine Chamber.} 3.96 | 2.03 5.98 7.79 

Arctic Chamber.} 7.69 | 5.81 13.50 5.50 
Logan Pass 

Alpine Chamber.| 5.88 | 1.07 6.95 7.49 

Arctic Chamber.| 15.84 | 14.69 30.53 5.06 
Sagavanirktok River 

Alpine Chamber.| 2.65 1.56 4.21 6.70 

Arctic Chamber.| 5.31 3.85 | 9.16 7.43 

Roots | 
Elephant’s Back | 

Alpine Chamber.| 21.92 | 30.08 | 51.89 1.75 

Arctic Cnamber.| 17.49 | 41.19 58.68 1.49 
Medicine Bow Mts. 

Alpine Chamber.| 24.43 | 36.60 61.01 1.93 

Arctic Chamber.| 25.04 | 42.14 67.17 1.12 
Logan Pass 

Alpine Chamber.| 21.45 | 17.25 38.70 3.01 

Arctic Chamber.| 23.74 | 36.58 60.32 1.33 
Eagle Summit | 

Alpine Chamber.| 8.41 | 10.01 18.42 4.16 

Arctic Chamber.| 10.55 | 45.07 | 55.62 1.42 
Sagavanirktok River! 

Alpine Chamber.| 5.39 | 10.29 15.68 3.93 

Arctic Chamber.| 7.97 | 34.98 | 42.95 1.70 








* All values as a percentage of alcohol-insoluble residue. 


As explained earlier, these did uot flower in the alpine 
treatment because of short photoperiod. The aver- 
aged results of these analyses are shown in Table 18. 

In the leaves, the percentage of total carbohydrates 
was two to four times higher in plants from the aretie 
chamber than in those from the alpine chamber. 
Compared to the levels in the alpine chamber, there 
was a much greater increase in total leaf carbohydrate 
in the alpine populations than in the arctic population 
when both types were grown in the arctic chamber. 

In the roots, the general carbohydrate and nitrogen 
trend was the same as in the leaves, but there were 
usually higher values for all carbohydrate fractions. 
Also, there appears to be a definite geographic trend 
in the total carbohydrate values. The two southern- 
most alpine populations had the least spread im 
values between the two treatments. There was a 
greater difference in the two values for the delayed- 
fruiting Logan Pass population, and a still greater 
divergence in the two Alaskan populations. This 
divergence was a result of the differences in starch 
values rather than of sugar contents. The root nitro- 
gen values were inversely proportional to the total 
carbohydrate trend. That is, high carbohydrate cor- 
responded with low nitrogen, and vice-versa. Low 
C/N ratios were characteristic of the delayed or non- 
fruiting samples. 

Analyses of soils taken from the pots of plants 
grown in the aretic and alpine chambers showed little, 
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if any, variation in mitrogen content. The values 
were, respectively, 0.16 and 0.15% of dry weight. 
Hence, the different nitrogen contents of the plants 
from these chambers must have been a result of cli- 
matic differences between their environments, rather 
than the result of soil differences. 


CARBOHYDRATE AND NITROGEN CONTENTS OF 
GREEN HOUSE-GROWN PLANTS 

Carbohydrate and nitrogen analyses were made on 
plants transplanted from the field to the greenhouse. 
These plants were brought into flower by using a 
24-hr photoperiod. Samples were taken at the end 
of March when all were in fruiting condition ex- 
cept the Eagle Summit, Alaska, specimens whic) > d 
aborted inflorescences. In addition to the Alas_.1n 
population, samples were taken from 4 southern al- 
pine populations: Eiephant’s Back, Loveland Pass, 
Niwot Ridge, and Beartooth Mts. The results of 
these analyses are given in Table 19. 


TaBLE 19. Carbohydrate and nitrogen contents of 
greenhouse-grown plants* 

















l 
Total 
Total | Starch | Carbohy- | Nitrogen 
| sugar drate 
Elephant’s Back....| 1.71 0.90 2.61 7.38 
Loveland Pass.....| 5.64 | 3.87 9.51 7.98 
Niwot Ridge....... 6.71 | 1.99 8.70 8.30 
Beartooth Mts. 4.36/ 1.92] 6.28 | 7.13 
Eagle Summit...... 1.56 | 1.82 3.37 7.57 
Roots | } 
Elephant’s Back... .| 6.98 | 21.51 28.48 2.77 
Loveland Pass.....| 24.97 | 6.42 31.39 2.13 
Niwot Ridge.......| 9.04 | 3.12; 12.12 2.67 
Beartooth Mts.....| 16.20 3.42} 19.68 2.78 
| 20.29 | 25.27 3.92 


Eagle Summit...... 4.98 








* All values as a percentage of alcohol-insoluble residue. 


There was considerable variation in values in both 
the leaves and the roots. This variation may be indic- 
ative of a nutritional.inbalance which did not become 
fully apparent until two months after the sampling 
date when large numbers of Oxyria plants began to 
die, apparently due to high summer temperatures. 

If only fruiting plants are considered, the four 
alpine populations of the greenhouse series may be 
compared only with the arctic chamber series or with 
the Elephant’s Back or Medicine Bow populations in 
the alpine chamber. In making this comparison, the 
most striking difference is in the low level of root 
carbohydrate reserves in the greenhouse-grown plauts. 
This suggests either a large depletion of such reserves 
or that high reserve levels were never attained under 
the relatively high temperatures of the greenhouse. 


COMPARISON OF FIELD AND LaBorATORY RESULTS 


Carbohydrate and nitrogen contents of mountain- 
grown fruiting Oxyria plants from the Medicine Bow 
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Mts. were compared with results of similar analyses of 
fruiting plants of the same population grown in the 
alpine chamber. An analogous comparison was 
made between fruiting plants of the Eagle Summit 
population from the field and from the aretic cham- 
ber. The results of these comparisons are listed 
in Table 20. 


TABLE 20. Comparison of field and laboratory earbohy- 
drate and nitrogen contents* 


| | | | 





| Total 
| Total | Starch | Carbohy- | Nitrogen 
| sugar | | drate | 
Medicine Bow Mts. | 
Leaves 
on OPES ae | 5.90 13.25 | 5.27 
Laboratory..| 3.96 | 2.03} 5.98 | 7.79 
Roots | 
Field...... | 35.38 | 5.66| 41.04 | 2.30 
Laboratory. .| 24.43 | 36.60} 61.01 | 1.93 
Eagle Summit 
Roots 
Field........| 24.87 | 28.96 | 53.50 1.60 
Laboratory. .| 10.55 | 45.07 | 55.62 1.42 








* All values as a percentage of alcohol-insoluble residue. 


The total carbohydrate content in the roots of the 
cultivated plants was either similar to or in excess 
of that in field-grown plants. This is evidence that 
the cultivated plants were not operating at a carbo- 
hydrate deficit. Furthermore, the conditions of the 
laboratory enabled the plants to maintain the high 
carbohydrate reserve which is characteristic of many 
arctic and alpine species in the field (Russell 1940b, 
Mooney & Billings 1960). 

The root nitrogen content of plants grown in the 
field was slightly higher than the root nitrogen of 
those plants grown in the laboratory. The reverse 
was true of leaf nitrogen contents. Environment ap- 
parently has a strong influence on the nitrogen bal- 
ance of Oxyria, as has been shown earlier in the com- 
parison of analyses of plants grown in the arctic and 
alpine chambers. 


HIGH TEMPERATURE TOLERANCE 

During the warmest part of the summer of 1959 
in Durham, North Carolina (latitude 36° N), several 
hundred greenhouse-grown Oxyria plants died. It is 
significant that the high death rate in Oxyria occurred 
during a period when populations of other aretic- 
alpine species (Poa alpina, Silene acaulis, and Trise- 
tum spicatum), growing under the same conditions, 
though affected, were not killed in large numbers. 
From June through August, the weekly maxima in 
the greenhouse ranged from 35° C to 43° C. During 
July and August, the greenhouse temperature never 
fell below 21° C. 

The percentage of total population dead at given 
time intervals during the summer is plotted in Figure 
19 for two northern and two southern populations of 
Oxyria. These results appear to indicate a difference 
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Fig. 19. Summer death rate of plants of two northern 


and two southern Oxyria populations under greenhouse 
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conditions in Durham, North Carolina. ————— Don- 
jek Mts., Yukon Teritory, —.—.— Pitmegea River, 
Alaska, — — — — Medicine Bow Mts., Wyoming, 


Logan Pass, Montana. 


in tolerance to high temperatures between northern 
and southern populations. An experiment was de- 
signed to evaluate these apparent differences. 
Seedlings of a southern population, Logan Pass, 
Montana, and a northern population, Donjek Mts., 
Yukon, were germinated in sand and grown at a con- 
stant 20° C under 24-hr light. After 2 weeks, the 
seedlings were individually washed free of sand and 
transferred to green vials containing complete Hoag- 
land’s solution. Each plant was held in place by a 
paraffined split cork and cotton. For 10 days the 
young plants were kept at a constant 20° C to be- 
come established. Then they were placed for 12 hrs 
alternately in a dark incubator at 40° C and in a 
lighted constant temperature room at 20° C. Daily 
observations were made on 10 plants from each popu- 
lation, These were scored for percentage of plants 
with all leaves wilted, and percentage of plants with 
all leaves dried. The results of this experiment are 
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Fig. 20. Experimental heat tolerance. A, Logan Pass 


population, B, Donjek Mts. population. Shaded areas, 
plants with all leaves dried; unshaded areas, plants with 
all leaves wilted. 


COMPARATIVE PHYSIOLOGICAL EcoLoGy 2! 


presented in Figure 20. These data indicate that 
plants from the southern population had a decidedly 
greater tolerance of high temperature in the dark 
than did those from the northern source. 


DISCUSSION 

The primary objective of this research was to de- 
termine how Oxyria digyna is able to grow sue- 
cessfully in such a wide array of severe habitats, 
ranging from the northern aretie tundra to southern 
alpine locations. We now have some information 
which may help to explain this wide distribution. 
For example, when different geographic populations 
of Oxyria are grown together under uniform condi- 
tions, morphological and physiological differences be- 
tween the populations become readily apparent. 
Many of these differential characteristics appear to 
be of direct adaptive significance in either arctic or 
alpine environments and thus can be considered as 
ecotypie modifications. The question now becomes, 
“How are these ecotypes related to their respective 
environments?” The following discussion will at- 
tempt to answer this question, at least partially, by 
examining each of the principal kinds of modifica- 
tions. 


RHIZOME FoRMATION 

The presence of vegetative reproduction in arctic 
Oxyria plants has been reported for Alaska (Wig- 
gins 1951), the Canadian East Arectie (Gelting 1934, 
Holm 1922, Savile 1959), and Greenland (Sgrensen 
1941). Our results indicate that rhizome formation 
is genetically controlled. Only plants of the northern 
populations produce rhizomes. 

Two possible explanations may be offered as to why 
rhizome production is important in northern habitats 
but not in southern alpine locations. First, rhizome 
production may have survival value in the unstable 
substrates of the northern habitats where vegetative 
reproduction could be of competitive advantage. Dis- 
turbed habitats resulting from soil movement may be 
revegetated more rapidly by rhizomes or rhizome 
fragments than by plants from seed. This possibility 
has been discussed by Wiggins (1951). Secondly, it 
has been shown here that seed production is reduced 
in the northern Oxyria populations. Vegetative re- 
production may compensate for this reduction and 
insure survival of the species even though there may 
be unfavorable periods for flowering and seedling 
development. 


ADAPTATIONS TO LIGHT 

The light climates of arctic and alpine habitats 
differ considerably from each other, They vary not 
only in duration but also in intensity and equality of 
light. It appears that any given Oxyria population 
is well-adjusted to the specifie: light chmate of its 
habitat through adaptations in growth and flowering 
response, perennating bud formation, leaf chloro- 
phyll content, and photosynthetic light saturation. 
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Definite growth responses to different photoperiods 
have been shown for Oxyria populations in the pres- 
ent study. Under a 15-hr photoperiod, maximum 
growth was observed in populations originating from 
a region where the maximum natural day-length is 
15 hrs. The further north the geographic origin of 
the population, the smaller was the amount of vege- 
tative growth made under short photoperiod. 

Related to the clinal growth response of Oxyria 
populations is a similar cline of flowering response. 
The latitudinal populations have variable photope- 
riodie requirements for flowering which agree closely 
to the maximum photoperiod of their natural habitat. 
However, a given geographic population appears to 
have some members whose physiological responses are 
like those of adjacent geographic populations, thus 
giving ecological amplitude to the population. These 
slightly different biotypes could allow limited north- 
south migrations with changing climates. It would 
appear easier, because of minimum photoperiodic re- 
quirements, for migration to take place from south to 
north, rather than the reverse. 

Population differences in photoperiodic require- 
ment for flowering are of considerable ecological sig- 
nificance. The maximum photoperiod in any arctic 
or alpine habitat coincides with the onset of favor- 
able temperatures for growth. Late snowbed plants 
even though released at a period later than June 21 
receive their maximum photoperiod at the beginning 
of their growth period. 

Photoperiod is also important in the stimulation of 
the formation of perennating buds in Oxyria. A 
photoperiod below that necessary for flowering re- 
sults in the formation of a perennating bud. Although 
the populations were not scored for critical thresholds, 
it was established that a 12-hr photoperiod causes 
all of our populations to form perennating buds even 
at relatively high temperatures. It would appear 
then, that toward the termination of the growing 
season, perennating buds would be formed under the 
stimulation of the decreasing photoperiod in the nat- 
ural habitat. It would not be surprising if the dif- 
ferences in photoperiodic requirement for perennat- 
ing bud formation were more nearly the same for the 
various latitudinal populations than are the photope- 
riodie requirements for growth and flowering. The 
difference in length of photoperiod between a south- 
ern alpine habitat and an arctic one is greatest at 
the beginning of the growing season and becomes 
much less toward the end and, of course, the dif- 
ference becomes zero for a short period in Septem- 
ber. 

Quantitative differences in the photoperiodic re- 
quirement for breaking dormancy were not deter- 
mined. It was established, though, that under the in- 
fluence of a 24-hr photoperiod, dormancy was broken 
in all populations unless subfreezing temperatures 
prevailed. 

It appears, then, that in Oxyria, the whole series 
of events from the breaking of dormancy, through 





Ecological Monographs 

Vol. 31, No. 1 
flowering, and to the formation of perennating buds 
is strongly under the influence of photoperiod, sub- 
ject to modification by temperature. Quantitative 
differences, between the populations, in photoperiodic 
requirement for growth and flowering have been 
demonstrated; they probably exist also for perennat- 
ing bud formation. 

Differential phenological response of a series of 
latitudinal races to photoperiod has been shown 
for several kinds of plants (Olmsted 1944, 
Larsen 1947, MeMillan 1959, Vaartaja 1954, 1959) 
and is probably a common, but not universal, phe- 
nomenon in widely distributed species. 

There is also some evidence that there is ecotypic 
variation in Oxyria in response to the light intensity 
of the environment. The photosynthetic light curves 
which were plotted at a constant temperature for a 
northern population and a southern population of 
Oxyria show that the latter or high altitude popula- 
tion approaches photosynthetic light saturation at a 
much higher light intensity than does the northern or 
low altitude population. 

The latitudinal cline in chlorophyll content may 
be related to these differences in photosynthetic light 
saturation. Low latitude, high elevation populations 
have a lower chlorophyll content than the high lati- 
tude, low elevation populations. A similar latitudinal 
cline in chlorophyll content is known for races of 
Pinus sylvestris (Gerhold 1959). 

There is, perhaps, additional adaptive significance 
to the differences in chlorophyll contents of the var- 
ious populations. Reduced chlorophyll content in 
leaves of alpine populations would result in less visible 
light absorption and perhaps a more favorable energy 
balance. Billings & Morris (1951), for example, 
found that in plants from high light intensity en- 
vironments there was greater reflectance from the 
leaves than occurred from leaves of plants growing 
in shaded habitats. 


ADAPTATION TO TEMPERATURE 

Northern Oxyria populations show characteristics 
which indicate that they are adapted to lower tem- 
peratures during the growing season than southern 
populations. They appear to carry on photosynthesis 
at a higher rate at lower temperatures and, further- 
more, attain their maximum rate at a lower tempera- 
ture. Also, in contrast to the situation in southern 
Oxyria populations, the respiration rate increase 
with temperature in northern populations is more 
rapid and the rate is higher at all temperatures. 

Beljakoff (1930) found similar photosynthetic dif- 
ferences in two morphologically distinct races of bar- 
ley. A northern race, “Vegakorn,” cultivated in 
Sweden from 62° to 66° N latitude, was found to 
have a temperature optimum for photosynthesis of 
20° C. A second race, “Gullkorn,” is grown from 
62° N southward. The latter race was found to have 
a temperature optimum for photosynthesis 10° C 
higher than that of “Vegakorn.” 
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The higher respiration rate may enable plants of a 
northern Oxyria population to develop as rapidly in 
the colder arctic environment as do plants of a south- 
ern population at higher temperatures. Such a re- 
spiratory temperature compensation has been in- 
vestigated by Scholander & Kanwisher (1959) in 
northern and southern populations of nine sub-arctic 
plant species. They found significantly higher res- 
piration rates in northern populations of two of the 
species, Lycopodium annotinum and Equisteum 
sylvaticum. 

Pisek & Winkler (1958) indicate that there may be 
an altitudinal cline in the respiration rate of Picea 
excelsa similar to the latitudinal cline in Oxyria. 
They found considerably higher respiration rates in 
spruce during the summer at timberline at 1,840 m 
than in trees of the same species in a botanic garden 
at 600 m or in lowland spruce forests at 580 m. 

Our evidence indicates that the southern Oxyria 
populations are more tolerant of high temperatures 
than are the northern Oxyria populations. They were 
more resistant to abnormally high summer tempera- 
tures and to experimentally controlled high tempera- 
tures. This higher temperature tolerance may be re- 
lated to the higher temperature compensation points 
of plants of the southern populations. Such charac- 
teristics in southern populations would tend to con- 
serve high carbohydrate reserves which are of con- 
siderable importance to the survival and rapid growth 
of arctic-alpine plants. 

In general, the characters measured on the mass 
collections and on the chamber- and greenhouse-grown 
plants indicate a northern and a southern morpholog- 
ical population group. The Highwood Pass popula- 
tion form Alberta is aligned in some characteristics 
with the southern group and in other characteristics 
with the northern group. In other characteristics, it 
is intermediate. There are also physiological dif- 
ferences associated with these two population groups. 

The approximate boundary between the northern 
and southern population groups coincides geograph- 
ically with the extent of maximum Pleistocene glacia- 
tion. At present, most areas which were covered 
by continental glaciation are occupied by populations 
with apparent northern affinities. The morphological 
and physiological differentiation between the northern 
and southern population groups may have been ac- 
centuated by separation of the two groups by con- 
tinental ice during the Pleistocene. It would appear 
that recolonization of the continentally-glaciated 
northern Cordilleran region was almost entirely by 
photoperiod-tolerant biotypes from aretic populations. 
On the other hand, the alpine populations of the 
central and southern Rocky Mountains and the Sierra 
Nevada seem not to have migrated very far north into 
Canada. These populations may have been confined 
to these southerly mountain ranges by post-Wisconsin 
aridity barriers. 

Although Oxyria apparently is composed of eco- 
logical races which react differently to environmental 
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influences, the overall responses of plants from sev- 
era] populations make possible some inferences con- 
cerning the tolerances of an arctic-alpine species. 
The primary restrictive factor limiting the distribu- 
tion of Oxyria appears to be relatively high sum- 
mer temperature. The low photosynthetic economy 
of plants of this species at high temperatures causes 
a depletion of carbohydrate reserves. This depletion, 
perhaps coupled with malfunction of certain enzyme- 
substrate systems, results in consequent death. The 
results of Miiller (1928) on arctic plants and Dahl 
(1951) on alpine plants support this hypothesis that 
high summer temperature determines to a large degree 
the southern or lower altitudinal limits of a tundra 
species. 
SUMMARY 

1. A comparative study was made of the morpho- 
logical and physiological variation between geograph- 
ically-separated populations of O.vyria digyna, a 
widely distributed arctic-alpine species. A _ latitud- 
inal series of North American populations was stud- 
ied ranging in origin from Colorado and California 
to Thule, Greenland, and Pt. Barrow, Alaska. The 
habitat and associates of each population are de- 
scribed. 

2. Analysis of mass collections and plants grown 
under controlled conditions indicate two primary 
morphological groups within the range studied. One 
morphological group encompasses all the populations 
from southern Alberta southward in an area largely 
to the south of maximum Pleistocene continental 
glaciation. The other group includes all of the 
northern populations. The major morphological dif- 
ferences between these groups are in stamen number, 
inflorescence branch number, and presence or absence 
of rhizomes. 

3. Measurements of field photosynthesis and the 
seasonal carbohydrate cycle of a Wyoming alpine 
population were compared with published results of 
these processes in aretic populations. Comparable 
photosynthetic rates were found, although the ampli- 
tude of the alpine carbohydrate cycle was greater than 
in the arctic plants. 

4. A series of arctic and alpine populations was 
grown in controlled environment chambers which 
simulated either alpine growing conditions at 41° N 
latitude or arctic growing conditions at 71° N. The 
growth and development, photosynthesis and respira- 
tion rates, leaf chlorophyll contents, and leaf and 
root carbohydrate and nitrogen contents were meas- 
ured on plants of these populations. 

5. In these “aretie” and “alpine” conditions, it was 
found that photosynthetic rate, and chlorophyll and 
nitrogen contents were depressed while carbohydrate 
content was generally increased in plants of most 
populations under arctic treatment. In the arctic 
chamber, all plants flowered. In the alpine chamber, 
there was a cline in growth rate from a: maximum 
rate in the southern populations to a minimum in the 
far northern populations. Flowering of ull plants 
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in a population occurred in only those populations 
which received a photoperiod corresponding to the 
maximum photoperiod of their natural habitats. 

6. A comparison of the physiological responses be- 
tween populations when grown under suitable condi- 
tions for flowering showed the following: 

a. There is a north to south cline of increased 
flower production. From south to north, there is 
increased rhizome production. 

b. Leaf chlorophyll content increases with latitude. 

ce. Plants of northern populations have a higher 
photosynthetic rate at lower temperatures and at- 
tain the maximum rate at lower temperatures than do 
plants of the southern alpine populations. 

d. Plants of northern populations have higher res- 
piration rates at all temperatures than do plants of 
southern alpine populations. 

e. High elevation, low latitude plants attain photo- 
synthetic light saturation at a higher light intensity 
than do low elevation, high latitude plants. 

7. The response of the various populations to 
photoperiod is reflected in their latitudinal origin. 
There was a clinal increase in photoperiodic require- 
ment for flowering from the southern to northern 
populations. Formation of perennating buds was 
also found to be under photoperiodic control. 

8. Although all populations were found to be in- 
tolerant of abnormally high summer night tempera- 
tures, the southern alpine populations displayed a 
somewhat greater tolerance than did the northern 
ones. 

9. From these results, it is concluded that the con- 
tinued existence of Oxyria digyna throughout a wide 
range of arctic and alpine conditions is due in large 
part to differences in metabolic potential among its 
component populations. 
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INTRODUCTION 

Raunkiaer’s well known system of plant life-form 
classification shows relationships between relative im- 
portance of certain life-form classes and major world 
climatic zones. Recent investigations have shown 
that there are also differences in life-form distribution 
related to climatie variations within the Jarger “phy- 
toclimates.” Several reviews (Adamson 1939; Cain 
1950; Cain & Castro 1959) have summarized our 
understanding of these life-form concepts. 

Relationships between life-forms and microclimate, 
however, have not been intensively investigated. Cain 
(1950) suggests that “Although life-form spectra 
have been employed mostly for general climatic 
analysis, there are enough studies available to sug- 
gest that they may be even more useful for the 
analysis of climatic variants and microclimates.” The 
limited data available in the literature provide enough 
evidence that life-form distribution varies with dif- 
ferences in topography and microclimate to warrant 
further investigation of the subject. 

The possible indicator significance of variations in 
community life-form composition also have received 
little attention. Whittaker (1954) points out that 
“composition of vegetation in terms of life-forms and 
growth-forms may indicate position along local gra- 
dients.” Furthermore, the fact that a plant’s life- 
form represents, in theory, a fundamental adaptation 
to environment makes community life-form com- 
position of greater potential value than community 
species composition for use as an indicator of site 
(microenvironmental) conditions. 
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This study was an intensive investigation of the 
vegetation and microclimates of north- and south- 
facing (henceforth referred to as north and south) 
slopes on the E. S. George Reserve in southeastern 
Michigan. The data obtained were used to demon- 
strate relationships between Raunkiaerian life-forms 
and microclimate and to illustrate the value of com- 
munity life-form data as indicators of habitat con- 
ditions. 
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REVIEW OF THE LITERATURE 


Physiognomy has long been an important feature 
in the description and analysis of vegetation. Early 
physiognomic systems were primarily deseriptive and 
did not attempt to express environmental relation- 
ships. However, under the influence of Darwin’s 
ideas, systems developed which sought not only to 
be descriptive but also to express relationships be- 
tween physiognomic characters of the plant and 
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its environment (DuRietz 1932). Warming’s (1884) 
“biological life-form system” was the first of a series 
which culminated with publication of Raunkiaer’s life- 
form system in 1904. 

Cain (1950) has reviewed the bases of life-form 
systems and has pointed out that such systems heve 
no relation to phylogenetic systems of classification 
but are based on the architecture or structural adapta- 
tions of the plant. However, phylogenetic considera- 
tions cannot be removed entirely for certain groups 
may be hereditarily disposed toward a certain life- 
form (Cain 1950). 
out such a ease in the abundance of geophytes among 
monocots. , 

Of the many life-form systems only that of Raun- 
kiaer has achieved any degree of universal accept- 
ance (DuRietz 1932). This classification, originally 
limited to flowering plants, was based on the degree 
of protection afforded the perennating tissue during 
the unfavorable season. Five classes, each with sub- 
divisions, were established: 1) Phanerophytes (buds 
25 em or more above the substratum); 2) Chamae- 
phytes (buds in the first 25 em above the soil sur- 
face); 3) Hemicryptophytes (buds at or in the soil 
surface); 4) Cryptophytes (buds hidden under the 
soil or in muck or under water); 5) Therophyt:s 
(annuals). The entire classification, with sub- 


divisions, is discussed in Cain & Castro (1959). 
Raunkiaer’s system has been wsed-widely in floristic 
(Ennis 1928; McDonald 1937) and vegetational stud- 


ies. Raunkiaer himself presented the first vegetational 
analyses. Using a “normal spectrum”, showing the 
percent representation of each life-form in the world 
flora, as a standard, Raunkiaer showed that there 
were four main phytoclimates each characterized by 
an increase in the percentage of a life-form over its 
percentage in the “normal spectrum.” These were: 
a Phanerophytic climate of the warm, humid tropics; 
a Therophytic climate of warm, arid desert regions; 
a Hemicryptophytic climate of middle latitude de- 
eiduous and coniferous forest regions; and a Cham- 
aephytic climate of cold areas. 

Numerous other vegetational studies have supported 
and amplified Raunkiaer’s conclusions. These have 
been reviewed in detail (Adamson 1939; Cain 1950; 
Cain & Castro 1959). 

Recent studies have shown variations in community 
life-form composition related to climatic gradients. 
Buell & Wilbur (1948) and Buell & Cantlon (1951) 
showed an increase in the importance of protected 
life-forms in forest stands along the prairie border 
in Minnesota as opposed to forest stands further 
east. This trend appeared to be related to climatic 
data showing the prairie border to have a colder, 
drier climate than the area to the east. Stern & 
Buell (1951) found an increase in chamaephytes, 
hemicryptophytes, and eryptophytes and a decrease 
in phanerophytes from the shortleaf pine communi- 
ties of the New Jersey pine barrens to the jack pine 
communities of Minnesota, and suggested this trend 
was related to differences in climate between the mild 
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Atlantie coastal plain and the more severe climate 
of Minnesota. Archard & Buell (1954) found a 
similar trend when comparing oak-pitch pine com- 
munities in southern and northern New Jersey. Cain 
et al. (1956) found that in Brazilian rain forest 
phanerophytes dominated to the virtual exclusion 
of other life-froms. As stands southward from the 
equator were sampled, phanerophytes diminished and 
there was a trend toward the hemicryptophyte domi- 
nance characteristic of temperate areas. 

Several studies provide limited data on relation- 
ships between life-forms and the presumed or docu- 
mented microclimates of north- and south-facing 
slopes in deciduous forest areas (Table 1). From 
the data it appears that phanerophytes and erypto- 
phytes are more numerous on north-facing slopes 
whereas hemicryptophytes and therophytes predomi- 
nate on south-facing slopes. The large number of 
eryptophytes on the north-facing bluff in North Caro- 
lina suggested a eryptophyte climate to Oosting 
(1942) (although no such category has yet been 
suggested) and he posed the question as to whether 
eryptophytes might regularly reach this degree of im- 
portance in such topographic situations in hemicrypto- 
phytic climatic areas. Miller & Buell’s (1956) re- 
sults deserve further comment. Although the presence 
spectra cited in Table 1 agree with other spectra, 
quantitatively-based spectra showed a greater pro- 
portion of cryptophytes on the southwest-facing 
slope. 


TABLE 1. Presence-based life-form spectra from north- 
and south-facing slopes in eastern American deciduous 
forest. 





No. of 
Species 


Location Author 
Piedmont, N. C. 
South-facing bluff 45 
North-facing bluff 84 
Cushetunk Mt., N. J. 
South-facing slope 112 
North-facing slope...... 86 
Itasca Park, Minn, 
Southwest-facing slope....| 50 
Northeast-facing slope... . 62 
Southeastern Michigan 
South-facing slope 94 
North-facing slope 89 








Oosting, 1942 


Cantlon, 1953. 


Miller & 
Buell, 1956 





Cooper, 
Prelim. invest. 























Failure of the usual life-form spectrum to take in- 
to account the importance of plants in the com- 
munity has long been recognized (Taylor 1918; Cain 
1945). Quantitatively-based spectra, using density 
(Buell & Cantlon 1951), frequency (Cain 1945; Buell 
& Wilbur 1948), and coverage (Stern & Buell 1951; 
Archard & Buell 1954; Miller & Buell 1956) have 
been used to show variations in community life-form 
composition. Of these measures coverage seems the 
most promising (Cain & Castro 1959). 

Leaf-size, an aspect of life-form, has also been 
utilized in vegetational analysis. Botanists have long 
been aware that, in general, leaf sizes of plants be- 
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come smaller the more unfavorable (dry or cold) the 
environment. Raunkiaer (1916) was the first to make 
use of this generalization as an ecological tool. In 
formulating his leaf-size concept, Raunkiaer reflected 
the prevalent ideas of his day which assigned primary 
importance to relations between plants and their 
water supply. Many structural features such as 
covering of wax, thick cuticle, water storage tissue, 
and diminution of transpiring surface were assumed 
to enable plants to endure conditions causing 
excessive evaporation. Of these, leaf surface area 
best lent itself to statistical treatment. After ex- 
amination of a large sample of the world flora, Raun- 
kiaer enumerated seven leaf-size classes with limits 
set at points in the range of leaf sizes where natural 
limits seemed to fall. These were: Aphyll (leafless) ; 
Leptophyll (<25 mm*); Nanophyll (<225 mm?) ; 
Microphyll (<2025 mm?); Mesophyll (<18225 
mm”); Macrophyll (<164025 mm*); Megaphyll 
(>164025 mm”). 

Certain problems have limited the use of leaf-size 
data in vegetational analysis. Thoday (1931) ob- 
jected to the idea that small leaves are an adaptation 
to extreme environments because in some plants large 
numbers of small leaves are the equivalent of small 
numbers of large leaves, resulting in no decrease in 
transpiring surface. Actually, transpiration per 
unit area may be increased as there is no interference 
by vapor layers over the numerous small leaves. Diffi- 
culties involved in determining area have also limited 
the use of leaf-size classes. Recently, Cain et al. 
(1956) showed that leaf areas determined by multiply- 
ing the product of leaf length and width by 2/3 in- 
troduced no real error in determination of leaf-size 
class in tropical species. This procedure was used 
in the present study (Cooper 1960b). 

Vegetation studies using leaf-size data are not 
numerous. Withrow (1932) found upland and eli- 
max forests in the Cincinnati area were characterized 
by leaves of mesophyll size but that there were more 
microphylis in the upland forest than in the climax. 
Grassland, arid, and hydrophytic communities in the 
same area were predominantly microphyllous and she 
concluded that “with an increase in xerophytism there 
is a decrease in the percentage of large leaf-size 
classes and an increase in the smaller ones.” Cua- 
trecasas (1934 in Dansereau, 1957) showed that in 
Colombia leaf size was greatly affected by altitude, no 
nanophylls being found below 3600 m and no macro- 
phylis above this limit. Cannon (1921) found that 
there were no plants in arid south Australia with 
leaves larger than 1951 mm? and 90% had either 
nanophylls or microphylls. Cain et al. (1956) showed 
that in tropical rain forest there was a general de- 
crease in leaf size with increasing distance from the 
equator. In true rain forest at the equator 68% 
of all species had mesophylls whereas further south 
in gallery rain forest only 24% of leaves were meso- 
phylis and microphylls had increased to 54%. 

No -review of the extensive literature dealing with 
microclimates will be attempted as recent comprehen- 
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sive reviews, at least up to the early 1950’s, are 
available (Baum 1948, Wolfe et al. 1949; Cantlon 
1953; Geiger 1957). However, as this study deals 
with the inter-related effects of topography and forest 
vegetation on microclimate and the role of micro- 
climate in determining vegetational differences, one 
point must be made. Geiger (1957) has stressed the 
importance of the canopy to climatic conditions with- 
in the forest. As the upper surface of the canopy is 
the region where radiation interception oceurs, it is 
thus impossible to compare the climate of an open 
area with that of the forest trunk space, because the 
“trunk space climate” is a result of an entirely dif- 
ferent set of meteorological cireumstances. Thus, the 
“trunk space area” of the forest is a distinctive micro- 
climate. As will be shown, the data of the present 
study suggest some changes in the typical “trunk 
space climate” which topographic variations may pro- 
duce. 
THE STUDY AREA 

The E. S. George Reserve, the site of this study, 
in located approximately 4.5 mi west of Pinckney and 
23 mi northwest of Ann Arbor, in south-central 
Livingston County, Michigan. The Reserve is slight- 
ly less than 2 sq mi in area and has been fenced since 
1928. The rugged glacial topography and the pro- 
tection afforded instruments make the area ideal for 
microclimatic study. This study was confined to the 
Big Woods, the largest tract of woodland on the 
Reserve. 

PHYSIOGRAPHY 

The area is one of rolling glacial outwash topogra- 
phy, the primary land forms having originated during 
retreat of the Saginaw and/or Lake Erie lobes of the 
Cary substage of the Wisconsin glaciation. The topo- 
graphic features of the Reserve uplands were probably 
formed during a period of rapid deterioration of the 
ice sheet as the esker- or kame-like formations, the 
large outwash plain, the numerous kettle holes, and 
the predominantly sandy texture of the soils suggest. 
Elevations vary from about 880 ft above sea level in 
the marshes of the southeastern portion to over 990 
ft at several locations in the Big Woods. Local re- 
lief may exceed 80 ft, particularly along the sides of 
the main esker in the Big Woods. Due to the sandy 
soil, drainage of the uplands is good. In areas of 
pronounced local relief it may be excessive. 


VEGETATION AND LAND-USE History 

The pre-settlement forest of southwestern Living- 
ston County, including the Reserve, appears to have 
been similar in species composition to that of today. 
Oaks, predominantly black and white, and hickories 
were the trees cited most frequently by the team which 
surveyed the area in 1825. “Prairie” (a term ap- 
parently used for grass-dominated lowlands), marsh, 
and tamarack swamp were mapped as occupying low- 
land sites much as they do today. 

The original. vegetation of the Reserve has been 
greatly altered: by man. Logging, agriculture, graz- 
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ing, and fire have dissected the upland forest and 
all that remain are isolated, more or less altered, 
stands. Present vegetation of the Reserve consists 
of approximately equal parts marsh and swamp, old 
fields, and second growth oak and oak-hickory wood- 
land. Marshes and swamps occur slightly above and 
below the 900 ft contour. The old fields, now domi- 
nated by blue-grasses (Poa compressa L., P. pratensis 
L.) and forbs, are confined chiefly to the level up- 
lands. The woodlands generally occupy uplands 
which, because of their irregular topography, were 
unsuitable for agriculture. 

There is no actual written history of the Reserve, 
but Cantrall (1943) found that most of the farmlands 
now included in the Reserve were cleared by 13870. 
The presence and age of old-growth species such as 
sassafras and bigtooth aspen, in addition to the sprout 
origin of many oaks, indicate that extensive logging 
took place in the period 1860-1900. Also, all of the 
woodlands were heavily grazed during the period of 
farming. After 1900 agriculture gradually diminished 
and the land was virtually abandoned by 1926 when 
it came into the possession of the late E. S. George. 
Administration has been by the University of Mich- 
igan since 1930. Since that time the fence has 
minimized human disturbance, and no fire, lumber- 
ing, or cultivation has taken place. However, a deer 
herd has been maintained on the Reserve and the 
magnitude of the browsing effects of the deer is a 
debatable question. There is no doubt that in the 
past they have retarded return of forest to the open 
fields (Evans & Cain 1952), but since the herd was 
cut to 25 animals per square mile in the early 1950’s 
succession seems to have accelerated. 


Soins 

The upland soils of the Reserve are gray-brown 
podzolies and show horizon development characteristic 
for this great soil group. Parent materials are 
predominantly coarse-textured glacial outwash. Being 
water-laid deposits, parent materials are commonly 
bedded and may inelude lenses of gravel, sand, and 
even silt and clay. The soils are classified for the 
most part as sandy loams, loamy sands, or sands. 
The Livingston County soil survey (Wheeting & 
Bergquist 1923) shows the greater part of the upland 
soils of the Reserve to be Bellefontaine sandy loam 
with small areas of Miami loam in the southern por- 
tion. The poorly-drained soils, generally below the 
900 ft contour, are either Carlisle muck, Greenweod 
peat, or Rifle peat. 

Veatch (1953) described a number of soil types 
in the Big Woods ranging in texture from a fine 
sandy loam to a sand. The great diversity in soil 
units is due in part to the heterogeneous glacio-fluvial 
parent material and in part to the numerous topo- 
graphic irregularities of the area. For example, 
Cooper (1960a) has shown that the differences in 
the microclimates of the north and south slopes ap- 
pear to be major factors in producing different pro- 
files of weathering on these slopes. Soils with more 
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silt and elay in the B horizon, the Bellefontaine 
jseries, are found on south slopes, whereas more weak- 
lly-developed _ profiles, possibly to be classified as 
‘Coloma or 
slopes. 


Plainfield, are formed on many north 


REGIONAL CLIMATE 

The climate of southeastern Michigan is typical 
of humid, microthermal regions and is of the Koeppen 
Dbf type. There is a well-defined winter with con- 
siderable snow alternating with an equally well- 
defined summer. Spring and fall are generally short 
in duration. Precipitation is well-distributed through- 
out the year; summer, however, is usually the season 
of maximum rainfall. 

No records of solar radiation are taken on the 
Reserve. However, data for East Lansing, Mich., 
approximately 40 mi to the northwest, are available 
(Crabb 1950; U. S. Dept. of Commerce 1957). The 
smoothed annual eurve for East Lansing (Crabb 
1950) is lower than comparable curves for most other 
U.S. stations. Crabb suggests this is due to the large 
amounts of moisture contributed to the atmosphere 
by the surrounding Great Lakes. Furthermore, the 
annual curve shows a spring plateau, related to moist- 
ure added to the atmosphere by the freshly ice-freed 
Great Lakes, and twin summer peaks (Crabb 1950). 
During 1957 there were two spring plateaus (March 
12—April 9 and April 23—May 14) and the second 
summer peak was the higher, rather than the first 
as is usual, 

An 8-yr record of local temperature and rainfall 
is provided by a weather station located on the Re- 
serve. The average annual temperature, as indicated 
by data from this station, is 46.9° F. (All tempera- 
tures henceforth referred to are in “F). The average 
maximum is 56.8° and the average minimum 37.1°. 
January (23.6°) and February (25.5°) are the cold- 
est months and annual lows are usually recorded in 
either of these months. The 8-yr low, -2.5°, oe- 
curred in February, 1958, after this study was con- 
cluded. July has the highest average temperature 
(70.7°), although the annual high may occur any- 
time during June-September. The all-time high is 
97.8°. 

The average annual temperature during 1957 was 
46.0°, the average maximum temperature was 55.9°, 
and the average minimum temperature was 36.2”. 
The similarity between these values and the 8-yr 
means indicated that 1957 was a year with no major 
temperature irregularities. However, January was 
the coldest month on record, with lows for all 
temperature records up to that time being recorded. 

Several features of the annual march of tempera- 
ture during 1957 are significant. The annual low 
(—6.5°) oeeurred during the third week of January. 
The two weeks with the greatest temperature range, 
March 10-16 (53.5°) and April 14-20 (53.7°) coin- 
cided with the weeks during which early spring and 
late spring (see page 35) began. A plateau in the 
eurve during the weeks of March 24-April 14 marked 
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an extended period of wintery weather interrupting 
the progress of spring. A rapid climb from April 
14 to May 5 marked the advent of the growing season, 
but a plateau in this upward trend was caused by 
the annual cold rainy spell of mid-May. Both spring 
temperature plateaus were closely related to the cor- 
responding plateaus in solar radiation. Another 
period of cool, rainy weather in late June and early 
July caused a recession in the steady rise of tempera- 
ture to the annual July maximum. 

Total annual precipitation averages 33.7 in. Per- 
haps slightly more falls during summer than in other 
seasons. With one exception no major differences 
between long-term precipitation patterns and those of 
1957 occurred. July, however, was extremely wet, 
with most of the record July rainfall (5.1 in.) fall- 
ing in the first 13 days of the month. Extended 
summer droughts, which often do not appear in 
monthly rainfall data, are an annual occurrence. 
Dry periods (with less than 0.1 in. of rain) of 22 
days (July 24-August 14) and 24 days (September 
23-October 16) occurred in the summer and fall of 
1957. 

Annual snowfall averages 41.5 in. and ranges from 
26 to 53 in. The average total is evenly spread over 
the period from December 1-Mareh 31, but in a 
given year heavy snow may occur in any of these 
months. Snowfall during 1956-57 was about 6 in. 
below average. However, the January total of 13.4 
in. was the heaviest ever recorded for that month. 


THE SEASONS ON THE GEORGE RESERVE 


An important aspect of the climate of an area is the 
character and duration of each of its seasons. How- 
ever, the seasonal behavior of a regional biota does 
not necessarily coincide with the seasons of the year 
as defined by calendar limits (Wolfe et al. 1949). 
Thus, climatic summaries based on monthly or eal- 
endar seasonal data are of little use in ecological 
studies. Since the phenological responses of a biota 
are correlated with certain sets of recurring climatic 
events rather than with arbitrary dates, attempts have 
been made to distinguish seasons on the basis of 
these regularly-occurring biotie events (Hopkins & 
Murray 1933, Wolfe et al. 1949). 

Four biotie events are accepted as initiating the 
major seasons in deciduous forest communities. Spring 
begins with the first marked biological activity 
under and on top of the leaf litter; summer is 
initiated by canopy closure; fall commences with 
the first coloration of canopy foliage; and winter is 
marked by completion of leaf fall. Wolfe et al. 
(1949) point out that these major seasons often are 
marked by distinet subperiods of biological activity 
and propose the following 10 seasons: early, mid-, and 
late winter, early and late spring, early, mid-, and 
late summer, and early and late fall. This system 
was used in the present study. 

As only one year’s observations were available, the 
Seasons on the Reserve during 1957 were delimited 
partly by phenological data and partly by seemingly 
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clear-cut meteorological events. The following re- 
marks give some important seasonal characteristics 
and indicate how each season was defined. 

Mid-winter began on December 25, 1956, when a 
light snow fell and initiated a snow cover which re- 
mained on the ground in most areas until early 
March, 1957. This was the coldest season of the year 
when both the annual low (-6.5°) and the lowest 
average temperature (17.0°) were recorded. Snow- 
fall also was the heaviest of any season, totalling 
12.4 in. The beginning of late winter was January 
29 when there was a slight relaxation in a long cold 
spell. Winter ended with a period of warm weather 
prior to the beginning of spring. 

Early spring began with a series of warm, sunny 
days lasting from March 12 to 16. Maxima rose to 
69.5° on March 14 and minima did not fall below 
freezing during the period. Much biotic activity, 
particularly on south slopes, was observed. Virtually 
all biological activity was arrested. hy a. period of 
low temperatures and intermittent snow from March 
19 to April 10. The initiation of vigorous growth 
and flowering activity by the plants of the study 
area on April 15 marked the beginning of late spring. 
The first herbaceous flowers (Hepatica americana) 
were found on April 15 and by the second week of 
late spring numerous other species were flowering 
throughout the Big Woods. The first 3 weeks of late 
spring were warm and sunny. The latter part of 
late spring was characterized by several extended 
periods of cold, rainy weather. Nineteen species were 
observed to flower during late spring. 

Early summer began on June 2 when the canopy 
of the Big Woods had closed. Considerable vegetative 
and reproductive activity took place during this sea- 
son, particularly within the forest herbaceous layer. 
Almost 1/2 (30) of the species whose initial flower- 
ing date was observed were first observed during 
early summer. Although the annual maximum of 
92.3° was recorded on June 18, average maxima were 
slightly below those of mid-summer. With the ex- 
ception of one near-freezing night in early June, 
minima averaged in the mid-50’s. Almost 1/4 of 
the total annual rainfall occurred during early sum- 
mer. The beginning of mid-summer (July 14) was 
not marked by any striking biological event. How- 
ever, as the season was characterized by extreme 
drought conditions the date of the last heavy rain in 
early July was taken as the end of early summer. 
Only 1 in. of rain fell during mid-summer and little 
of this wet the soil within the forests. Drought eon- 
ditions became extreme late in mid-summer and diur- 
nal wilting was observed in several herbaceous plants 
on south slopes. Mid-summer was the hottest season 
of the year, having the highest average temperature 
(69.4°) and average maxima (81.2°). Only 10 species 
were observed to flower during this season. Late sum- 
mer began on August 24 when rains of moderate in- 
tensity broke the drought of mid-summer. Late 
summer was a transition period between summer and 
fall. No species wre observed to flower in the woods, 
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although considerable flowering activity occurred in 
the fields. 

Early fall began on September 17 when the first 
coloration was observed in the canopy and the first 
browning took place in the field layer. This season 
was one of drought, the most severe of the year, with 
only 0.6 in. of rain falling. The first frost of the 
year occurred on September 27. Coloration of tree 
leaves progressed rapidly after this and the height 
of fall color was during the first two weeks of 
October. Late fall was poorly-defined biologically, 
but seemed to begin on October 17 when a heavy rain 
broke the drought of early fall. Although all canopy 
foliage was dead during this season, the oaks re- 
tained many of their leaves. Little biological activity 
(except the flowering of Hamamelis virginiana) was 
noted. 

Early winter began on November 9 when the first 
snow of the year fell. The 5 days following the 
snowfall had, in addition to low maxima, minima well 
below freezing. Snow fall during early winter 
totalled 7.5 in. and the average temperature was only 
slightly above freezing. Early winter ended on 
December 28 when a light snow fell. This snow was 
followed by others and many sites on the Reserve re- 
mained covered through late February, 1958. 


METHODS 

North- and south-facing slopes were chosen as sites 
for this study because of the great environmental and 
vegetational differences shown for such slopes in 
other studies (Potzger 1939, Shanks & Norris 1950, 
Cantlon 1953). Microenvironmental and vegetational 
sampling was carried out from March 17 to November 
3, 1957. Data were obtained from 17 slopes, 9 north- 
facing and 8 south-facing. Slopes ranged from 31- 
60% in angle and deviated not more than 20° from 
true north or true south. Vegetation was sampled on 
16 of these slopes, but microenvironmental data were 
recorded for only 4 north and 4 south slopes. Topo- 
graphic features and canopy dominants for all plots 
are summarized in Table 2. 

Although efforts were made to minimize all vari- 
ables with the exception of topographic orientation, 
they were not entirely successful. In addition to 
orientation, an important variable was the presence 
or absence of protection as afforded by a facing 
slope. Thus, 4 groups of slopes were available: pro- 
tected north slopes, open north slopes, protected south 
slopes, and open south slopes. The following data 
summarize the specific topographic characteristics of 
the sample sites: 


Protected north slopes (Stations 1, 5, 6, 10, 16). 
Station 1 was on the side of an esker facing into 
a kettle whereas Stations 5, 6, 10, and 16 were on 
the sides of kettles. Contours at all stations 
were concave. 

Open north slopes (Stations 8, 11, 13, 15). Sta- 
tion 8 was on the side of a large kettle but, as 
the opposite side was over 500 ft distant, the 
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Description of topographic and vegetational 
(From 


TABLE 2. 
features of sample plots, E. 8S. George Reserve. 
Cooper 1960a). 





’ Slope Compass 
Station % bearing Leading canopy dominants 


Topographic 
position 
North slopes 
Side of esker N 16° W | Quercus alba, Q. velutina, 
| Prunus serotina. 


Pon 53 


Side of kettle 
Side of kettle 


N10°W | ft 
N 2°E Quercus alba, Prunus serotina 
} Acer rubrum, Q. rubra. 
60 Side of kettle N 18° E | Quercus rubra, Q. alba, Acer 
| rubrum, 
54 | Side of kettle | N 10°E | Quercus alba, Q. rubra, Acer 
rubrum. 
Carya ovalis, Quercus alba, 
Q. velutina. 
Carya ovalis, Quercus vel- 
utina, Q. alba. 
Quercus rubra, Q. velutina, 
Carya ovalis. 
Carya ovalis, Acer rubrum, 
Quercus alba. 


St.......| 42 
6t.. 36 


50 Side of out- N4°E 
wash fan 
Side of esker | N 10°W 
} 


Side of out- 
wash fan 
Side of kettle 





| N2°E 
N 18° W 


South slopes 

Side of esker | 8 16°E | Quercus velutina, Q. alba, 
Carya ovalis, 

Quercus velutina, Q. alba, 
Carya ovalis, 

Quercus velutina, Carya 
ovalis, Q. alba. 

Quercus velutina, Prunus 
serotina, Q. alba. 

Quercus velutina, Carya 
ovalis, Q. alba. 

Quercus alba, Q. velutina, 
Q. rubra. 

Quercus velutina, Q. alba, 
Prunus serotina, 

Quercus velutina, Carya 
ovalis, ©. alba. 


Side of esker | 8 15°W 


Side of esker | 84° W 
Side of kettle | S7°W 


Side of esker | 8 14° E 





Side of esker | $19°W 


Side of kettle | § 15° W 


Side of esker {| § 20°W 

















* Main station. 
t Scattered stations. 
t Not sampled. 


facing slope offered no protection. Stations 11 
and 15 were on the edge of an outwash fan and 
Station 13 was on the side of an esker. Contours 
at Stations 8 and 11 were concave and those at 
Station 13 were straight. Contours at Station 
15 were slightly convex. 

Protected south slopes (Stations 7, 14). Both of 
these stations were on the sides of kettles with 
eoneave contours. 

Open south slopes (Stations 2, 3, 4, 9, 12, 17). 
These stations were all on the sides of eskers. 
Stations 2 and 12 actually faced into a large 
kettle but, as the opposite slope was approximate- 
ly 500 ft distant, there was no real protection. 
Contours at Stations 2, 3, and 12 were essentially 
straight. At Stations 4 and 9 contours were 
slightly convex whereas at Station 17 contours 
were somewhat concave. 


Although no historical data were available for the 
sample sites, it appeared that there had been no 
selective effects of grazing or lumbering on any slope 
or group of slopes. Thus, it was assumed that the 
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microclimatic and vegetational differences recorded 
were the results of real habitat differences rather than 
the past cultural practices of man. 


MICROCLIMATES 

Microclimatie data were derived from two in- 
dependent series of instruments. One series, the 
“seattered stations,” consisted of 3 north and 3 south 
slopes located at various points in the Big Woods, 
and the other, the “main station,” of instruments dis- 
posed at the top, middle, and bottom of the north- 
and south-faciag sides of an east-west trending hog- 
back (Table 2). Wooden thermometer holders in the 
middle of the slopes marked the iocations of the 
scattered stations. Readings were taken at the seat- 
tered stations between 3:00 and 4:00 P.M. All 
readings, except soil moisture, were taken daily from 
March 31 to July 20, every other day from July 
21 to September 14, and once weekly from September 
15 to November 3. Soil moisture determinations were 
made once weekly from March 31 to November 3. 
Standard Weather Bureau instrument shelters, located 
10 m apart on the horizontal, marked sampling loea- 
tions at the main station. Readings here, except evap- 
oration, were taken between 2:00 and 3:00 P.M. 
daily from March 17 to September 14 and once a 
week from September 15 to November 9. Evapora- 
tion data were gathered once a week from May 5 
to October 24. 

Light intensities at both the scattered and main 
stations and outside the Big Woods were recorded 
with a General Electric photocell having a range 
from 1-10,000 fe. Each reading was taken in the 
same place at each station. The meter was held 50 
em above the soil surface at an angle of 45° and 
oriented toward the south. Although field readings 
were recorded in foot candles, results were expressed 
as percentage of full light intensity recorded outside 
the Big Woods. 

Maximum, minimum, and current air temperatures 
at the scattered stations were recorded with Six type 
maximum-minimum thermometers mounted under 
rotatable boards 10 and 50 em above the soil. At 
the main station Casella hygrothermographs (Model 
1040) were placed in the shelters at the top and 
bottom of each slope and thermographs (one Casella 
Model 760 and one Bendix-Friez Model 505) in the 
shelters at the middle of the slopes. The shelters were 
located so that the instrumeat recording elements 
were 50 em above the soil. Only the maximum, 
minimum, and current temperatures obtained from the 
daily record were used in data analysis. In addition 
to the recording instruments, maximum-minimum 
thermometers were placed in the shelter and under 
boards 10 em above the soil. Maximum, minimum, 
and current readings were taken from these. 

Evaporation data were gathered at the main sta- 
tion only. Paired black and white Livingston porous- 
bulb atmometers were placed about 4 ft west of the 
instrument shelters. The bulbs were installed 50 em 
above the soil on the usual field apparatus (Living- 
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ston 1935) with mereury and glass-wool valves io 
prevent backflow. Readings of total weekly evapora- 
tion in ce were taken by filling the reservoir bottle 
to a zero line. The field readings were multiplied by 
the supplied correction factor to give corrected values. 

Current soil temperatures at the scattered stations 
were taken with a Weston probe thermometer (Model 
2261) and at the main station with thermistors (West- 
ern Electric, Model 7A) embedded in fiberglas. The 
thermistor resistances were recorded with a Coleman 
Model 300 ohm meter. Correction coefficients were 
determined by means of a series of temperatures re- 
the installation sites with the probe 
thermometer. Readings at both sets of stations were 
taken at 2 em and 20 em below the soil surface. 
These depths approximated the A, and Ag, horizons. 

Soil moisture values in the A, horizon at the 
seattered stations were determined by the gravimetric 
method. Composite samples, collected once a week, 
were oven dried, and soil moisture was expressed as 
percentage of oven-dry weight. Current soil moisture 
values at the main station were determined with 
fiberglas soil moisture units (Model 351) 2 em and 
20 em below the soil surface. Resistance values were 
recorded with the Coleman meter. The fiberglas units 
were calibrated using field calibration of the area 
type (Reinhart 1953). Values were also expressed 
as percentage of oven-dry weight. 

For most microclimatie factors, weekly averages 
seemed to express the trends of the data adequately. 
Thus, these values were used extensively in the anal- 
ysis of data. As used in this study, average daily 
temperature is the sum of the daily maximum and 
daily minimum divided by two. Average weekly 
temperature is the sum of the weekly maxima and 
weekly minima divided by the number of readings. 
Average seasonal temperature is the sum of the 
seasonal maxima and minima divided by the number 
of readings. Temperatures, unless otherwise specified, 
are in °F. 


corded at 


VEGETATION 


Vegetational sampling was carried out during July 


and August of 1957. On each of the 16 slopes 
sampled (Table 2) a plot 900 m?, consisting of three 
tiers of three 100 m? plots, was laid out. Presence of 
all vascular plant species oceurring in each subplot 
was recorded. Coverage of species in the field layer 
(within 4.5 feet of the ground) was determined by 
the line-intercept method. As plots were laid out on 
the horizontal, plant cover was recorded on the 
horizontal by means of two meter sticks arranged so 
that one was placed perpendicular to the horizontal 
and the other moved up or down along it until it 
was horizontal. The central 10 m of both diagonals 
of each of the subplots were measured with this de- 
vice. Thus, 180 m of line-intereept data were availa- 
ble for each slope sample plot. The diameter at 
breast height of all trees over 1 in. d.b.h. and density 
of all shrubs and transgressives below 1 in. d.b.h. and 
over 4.5 ft high were determined in each subplot. In 
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addition, the total canopy cover of species over 1 
in. d.b.h. was determined by pacing the four 30 m 
across-slope boundaries of the 3 tiers of subplots. 
The life-form of all species encountered was deter- 
mined from winter and summer field observation dur- 
ing a part of 1956 and all of 1957 and by consulting 
other life-form studies of similar areas (Ennis 1928, 
MeDonald 1937). Voucher specimens of all species 
are deposited either in the Reserve herbarium or in 
the author’s collection. Nomenclature is that of 
Fernald (1950). Representative leaves were chosen 
from the voucher specimens and their areas deter- 
mined both by tracings on millimeter graph paper 
and by the 2/3 length times width rule of Cain et al. 
(1956). The entire species list, showing both life- 
forms and leaf-size, may be found in Cooper (1958). 


RESULTS: MICROCLIMATES! 


Because of the diversity of microenvironmental data 
recorded during the study, variations in each factor 
will be discussed independently. An attempt also 
will be made to summarize the cumulative effects of 
the various factors. 


LIGHT 

With respect to the light factor, three variables, 
intensity, quality, and duration are of ecological im- 
portance. Of these, only light intensity was assessed 
in this study. 

From the pattern of variation in relative light in- 
tensity at the scattered stations (Fig. 1) several 
generalizations can be made concerning light condi- 
tions on the slopes. During the leafless season aver- 
age relative light intensities exceeded 35% on south 
slopes and 25% on north slopes. However, the varia- 
tion in the raw data was great, ranging from 8-100% 
on south slopes and from 6-95% on north slopes. 
As the canopy closed with the beginning of late 
spring, light intensities dropped rapidly. This de- 
cline continued until the first week in June when the 
forest canopy had completed development. At all 
times during the drop in light intensity, and during 
all of summer, light intensities on south slopes ex- 
ceeded those on north slopes. With leaf abscission 
in the fall, light intensities on both slopes increased 
rapidly to the leafless season peaks. 

In general, the shapes of the curves were the same 
on both slopes. This seemed to indicate that varia- 
tions due to cloudy days, which would tend to raise 
relative light values, were similar on both slopes. 
However, the period of canopy closure in early late 
spring was an important exception. The curve of 
relative light intensity on north slopes diminished con- 
tinuously from the week of April 21 until the begin- 
ning of summer. On south slopes, on the other hand, 
the continuous decline did not begin until the week of 
April 28 and the greatest difference in relative light 
intensity (16%) between the slopes occurred during 
this week. Thus, the effects of canopy closure were 


1 All original microclimatic data are included in Vol. 2 of 
Cooper (1958). 
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Fig. 1. Weekly average mid-afternoon relative light 
intensity (% of light in the open) at seattered stations. 
Each value is an average of the weekly averages at the 
3 north or 3 south slopes. 


first felt on north slopes and relative light values de- 
clined most rapidly on those slopes. 

Data from the main station (Table 3) generally 
were similar to those from the scattered stations, but 
they show in addition the variations in light inten- 
sity occurring from top to bottom of the slopes. The 
seasonal averages show that, with the exception of 
early fall, light intensity was always greatest at the 
top of the south slope and diminished downslope. The 
pattern on the north slope was not as clear. In spring, 
early summer, and late summer, relative light values 
decreased from slope top to bottom. However, in mid- 
summer and fall, values were highest in the middle of 
the north slope. These changes may be due to the 
variable effects of dense canopy in relation to the, 
position of the sun. Despite these variations, the 
bottom of the north slope always had the lowest in- 
tensities recorded. 


TABLE 3. Seasonal average relative light intensity 
(pereentage of light in the open) at the main station. 
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Analysis of light intensities during the period of 
canopy closure at the main station showed variations 
in the amounts of high-intensity light at various posi- 
tions on the slopes. These differences were due to the 
differential effects of canopy closure on the slopes. 
At the bottom of the north slope, light intensity first 
passed under 10% on May 9 and it remained per- 
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manently under this level after May 20. At the top 
and middle of the north slope intensities did not pass 
under the 10% level for the remainder of the grow- 
ing season until May 24. On the south slope the 
first day under 10% at the toy and bottom of the 
slope was May 26 and, in the middle of the slope, 
May 28. All stations passed more or less permanent- 
ly below 10% on June 6. Thus, there was a longer 
period of low light intensity during the growing sea- 
son on the north slope as there was a period of al- 
most one month during which intensities fell below 
10% on the north slope while remaining well above 
this level on the south slope. During summer no 
values over 10% of full light occurred on the north 
slope. However, on the south slope such readings 
were recorded between 8 and 13 times. The maximum 
relative light intensity recorded during summer on 
the south slope ranged from 22.7-36.3% whereas on 
the north slope it never exceeded 6.7%. 


Arr TEMPERATURE 
Variations in air temperature within forests and 
on north and south slopes have been investigated 
more intensively than variations in any other micro- 
climatic factor. The present study also gave the 
greatest share of attention to temperature phenomena. 


AVERAGE TEMPERATURE 

Average air temperature data were useful to 
summarize gross differences between the slopes and 
to approximate general temperature patterns during 
the period of the study. 

South slopes had higher average air temperatures 
throughout the entire growing season as data from 
the 50 em level at the seattered stations show (Fig. 
2). The differences between the slopes were least in 
the first two weeks of late spring before the canopy 
had closed. In this period more radiation penetrated 
to the surface on the north slope than during any 
other season. With canopy closure, air temperatures 
on the south slopes were consistently higher than those 
on north slopes. The greatest difference was dur- 
ing mid-summer when averages were 7-8° higher on 
the south slopes. During late summer and fall tem- 
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Fig. 2. Weekly average air temperature at the 50 em 
level at scattered stations. Averages computed as in 
Fig. 1. 
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peratures were almost uniformly 2-4° higher on south 
slopes. The two major dips in the curves, one in 
mid-May and the other in late June and early July, 
were due to periods of cool, rainy weather which af- 
fected both slopes uniformly. 

Average seasonal temperature data from the 10 em 
and 50 em levels at the main station (Table 4) show 
that temperatures at both levels on the south slope 
generally exceeded those on the north slope during 
the entire growing season. During spring, tempera- 
tures were higher close to the ground on both slopes 
but the gradient was always steepest on the south 
slope, averaging 4-5° in early spring and 3-4° in 
late spring. During summer, temperatures continued 
warmest near the ground on the south slope and at 
the top of the north slope. Gradients were generally 
less than in spring except at the top of the south 
slope where the increase was 5°. Temperatures at 
the middle and bottom of the north slope were, with 
one exception, slightly higher at 50 em than at 10 em. 
Thus, temperature conditions characteristic of a 
mature forest were found only during summer and 
only at the lower stations on the north slope. The 
data further show that, in general, the highest average 
temperatures occurred at the top of the south slope 
and that temperatures diminished slightly down- 
slope whereas the lowest averages consistently were 
recorded at either the middle or bottom of the north 
slope. 

















TABLE 4. Seasonal average temperatures at 10 em and 

50 em levels at main station. 
| South | South | South | North | North | North 
Season top middle | bottom top middlé | bottom 

Early spring | | 

10 em | 40.3 | 40.1 * * 36.2 | 36.5 

50 cm | 36.1 36.0 | 35.7 35.3 35.2 34.6 
Late spring 

10 cm | 62.7 62.5 | 62.1 60.0 58.7 59.1 

50 cm 59.1 59.1 58.9 58.4 58.4 58.0 
Early summer | 

10 em | 69.9 70.4 69.9 | 68.1 66.4 | 66.9 

50 cm. | 67.9 | 67.8 | 67.6 | 67.3 | 67.6 | 67.2 
Mid-summer | 

10 cm i 7.0 | 2 71.8 69.9 68.9 69.4 

50 cm.. 69.9 | 69.7 | 69.5 | 68.2 | 69.4 | 68.8 
Late summer | 

10 cm | 67.1 | 66.1 66.7 64.3 63.1 63.0 

50cm............] 64.4 | 64.5 | 64.2 | 63.6 | 63.9 | 63.5 
Early fall | 

10 cm 58.0 | 58.0 59.2 55.8 54.6 | 54.8 

50 cm ‘ 54.0 | 54.1 53.7 53.4 53.2 52.6 








* Insufficient data. 


MAXIMUM TEMPERATURES 

Although average temperatures were useful for 
illustrating general patterns, extremes of temperature 
(maxima and minima) showed greater variation and 
thus more clearly illustrated the differences between 
the air temperature regimes of the slopes. 

The greatest and most consistent differences in air 
temperature between the slopes were in the maximum 
temperature area. Average «weekly: maxima. and 
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Fig. 3. Weekly average maximum air temperature and 
weekly range in maximum air temperature at 50 em level 
at seattered stations. Averages computed as in Fig. 1. 
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ranges in maxima at the 50 em level at the scattered 
stations (Fig. 3) showed that very different maxi- 
mum temperature regimes characterized the slopes 
during the period of the study. 

On north slopes maxima rose rapidly early in late 
spring and averaged in the 80’s during the week 
of April 21. Maxima declined through the remainder 
of late spring, first under the influence of canopy 
development and then in response to the period of 
cool, cloudy weather in May. The greatest ranges 
in,.maxima on north slopes occurred during early 
late-spring. During summer two peaks of maxima 
oceurred, one in June and the other in July. How- 
ever, neither of these exceeded 90° and average 
maxima generally ranged between 75° and 85°. 
Ranges of maxima exceeded 90° only during the 
week of June 16. 

On south slopes, however, average maxima were 
much higher throughout most of the growing season. 
During early late spring averages and ranges were 
very similar to those on north slopes. In the final 
weeks of late spring maxima declined but. still 
averaged 3-5° higher than on north slopes. During 
summer, maxima were considerably higher than on 
north slopes with averages over 90° for half of the 12 
weeks of early and mid-summer. Maxima exceeded 
90° during every week of summer. 

Thus, on north slopes maxima showed the most 
variation in spring before canopy closure and dur- 
ing the remainder of the growing season relatively 
stable conditions prevailed. On south slopes, how- 
ever, there was the same period of high spring 
maxima, but this was followed by a period of even 
higher maxima during summer. These regimes were 
comparable to those of thinly-forested and cove sta- 
tions at Neotoma Valley (Wolfe et al. 1949). The 
south slope regimes agreed with those of thinly 
forested stations where temperatures rose sharply to 


a spring maximum, leveled off, and then returned to 
or exceeded the spring maximum in late summer or 
early fall. North slope regimes, however, resembled 
those of deep coves where temperatures rose rapidly 
in early spring and then leveled off for the remainder 
of the growing season. 

The least differences between the maximum tem- 
perature regimes of the slopes occurred during the 
first 2 weeks of late spring before canopy closure 
had taken place. Both slopes had average maxima 
of 85° during the week of April 21 and ranges on the 
north slope actually were greater than those on 
south slopes during this period. As all north slopes 
were located on the sides of kettles, this phenomenon 
may be related to temporary retention of heated air 
within the kettles. However, the effects of canopy 
closure were immediately manifested on the north 
slopes by a great reduction in the extremes of 
maximum temperature. The highest average maxima 
on north slopes occurred during the week of the 
summer solstice (June 16) when the sun was at its 
highest in the sky and was falling most directly on the 
north slopes. Differences between the slopes were 
greatest in mid-summer when the sun shone almost 
directly on the south slopes, but the combination of 
canopy and lowered angle of incidence produced less 
incoming radiation on the north slopes. 

Maximum temperature conditions at the main sta- 
tion (Table 5) were similar to those at the scattered 
stations. However, because of the amieliorating ef- 
fects of the instrument shelters, extremes at the 50 
em level were not as high as those recorded on the 
thermometers at comparable levels at the scattered 
stations. Wolfe et al. (1949) found a similar situ- 
ation with respect to minimum temperatures and 
showed that minima recorded within a standard shelter 
were consistently higher than those to which plant 
parts appeared to be exposed. The data of this 
study support a similar conclusion with respect to 
maximum temperatures. Despite these inadequacies, 
certain patterns in maximum temperature regimes can 
be drawn from the main station data. These patterns 
illustrate general maximum temperature regimes, and 
more important, maximum temperature gradients in 
the air layer near the ground during periods of oc- 
currence of the “incoming radiation type” (Geiger, 
1957). 

During early spring, maxima were higher at all 
stations on the south slope, and the gradient between 
maxima at 50 em and those at 10 em was much greater 
on south slopes.. This gradient amounted to 10° at 
the top of the south slope and was only half as great 
at the bottom of the north slope. With the transition 
to late spring, maxima rose abruptly on both slopes. 
Temperatures continued to increase toward the ground 
on both slopes, but the steepest gradients still were on 
the south slope. On the north slope the annual 
maximum of 96° occurred during the week of April 
28. During this period of maximum solar radiation 
on the north slope, air at the bottom of the slope 
in the kettle became intensely heated, and thus un- 
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TABLE 5. Seasonal average maximum temperatures at 
10 em and 50 em levels at main station. 





| South | | 
top | middle | 


| 
| 
| 


North 
| bottom 


South | North 
bottom | top 


South North 


Season middle 
Early spring 
10 cm 
50 cm 
Late spring | 

ee 78.0 77.8 77. 3. 74.2 4 9.1 
50 cm..... Seve ee . ; 2 69. 
Early summer 
10 em... 
50 cm 
Mid-summer 
10 cm.. 

50 cm. . 
Late summer 
10 em 
50 cm. 

Early fall 
10em...... oe | 
u 


55. 54.1 | 47.7 | 49. 
45.5 5.0 | 44.3 43.9 | 44. 








50 cm 





* Insufficient data. 


stable. Small parcels of air were seen to escape up 
the sides of the kettle as minature “dust-devils” with 
leaves in their vortices. These also occurred on the 
south slope under the intense heating of early late 
spring. They were observed at no other time during 
the study at any location. On the north slope, increas- 
ing temperatures toward the ground were character- 
istic of the first 3 weeks of late spring. However, 
after canopy closure, temperatures in the air layer 
near the ground approached those of densely-forested 
areas and by the week of May 26 both the bottom 
and middle of the north slope had lower weekly 
maxima at 10 em than at 50 em. 

During summer, maxima at 50 cm were confined 
to a relatively narrow range on both slopes. This 
condition was in contrast to the pattern at the scat- 
tered stations where maxima on south slopes rose to an 
annual high during mid-summer and may be ex- 
plained by the modifying effect of the shelters on 
maximum temperature readings. The mid-summer 
peak was apparent at 10 em and was particularly 
marked at the top of the south slope where an annual 
maximum of 102° was reached during the week of 
August 18. Maxima averaged higher near the 
ground at all south slope stations and at the top 
of the north slope throughout all of summer. At the 
bottom and middle of the north slope average maxima 
were, with one exception, greater at 50 em than at 10 
em. Thus, during summer, maximum temperature 
stratification at the lower stations on the north slope 
was that of well-developed forests whereas on the 
south slope and at the top of the north slope a weak 
version of the incoming radiation type typically de- 
veloped. 

During early fall, maxima were similar to those 
of late summer with temperatures at 50 em slightly 
higher on the south slope and those at 10 em con- 
siderably greater. Maxima increased from 50 em to 
10 em at all stations, but again gradients were greater 
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on the south slope. The opening of the canopy dur- 
ing late fall allowed considerable heating of the south 
slope, but because of the lowering of the sun in the 
sky, this factor had little effect on the north slope. 
Thus, maxima were much higher on the south slope 
during this season, particularly at 10 em. 


MINIMUM TEMPERATURES 


Minimum temperature regimes did not show the 
great variations characteristic of maximum tempera- 
ture regimes. Limited observations at the main sta- 
tion indicated that the lowest minima generally oc- 
curred at the bottoms of the slopes and the highest 
at the tops. The lowest minimum recorded at any 
station was -5° at the bottom of the north slope dur- 
ing the weeks of January 4 and 11, 1958. 

Average weekly minima and minimum temperature 
ranges at the scattered stations (Fig. 4) illustrate 
general conditions on the slopes. During spring, 
minima were consistently lower on the north slopes. 
The differences were greatest in early spring and be- 
came progressively less toward summer. No great 
differences in minima were found in summer and dur- 
ing 5 weeks, minima actually averaged higher on 
north slopes. The greatest ranges in minima on both 
slopes occurred during the first week of late spring. 
The first day of late spring (April 16) was preceded 
by 4 nights of sub-freezing temperature. April 14 
and 15 were clear with maxima well into the 50’s. 
On the night of April 15 the temperature failed to 
fall below freezing at any of the stations and sub- 
freezing temperatures were not recorded anywhere 
in the study area until 17 days later on the night of 
May 2. The accelerated period of plant activity 
marking the beginning of late spring seemed a re- 
sponse to this abrupt change in minimum temperature 
regime. The only other ranges of minimum tempera- 
ture in excess of 25° occurred in early spring. Dur- 
ing the remainder of the growing season no wide 
‘anges in minima were recorded and there were no 
significant differences between ranges on north and 
south slopes. 
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Fic. 4. Weekly average minimum air temperature and 
weekly range in minimum air temperature -at 50 em 
level at scattered stations. Averages computed as in 
Fig. 1. 
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Despite the small differences in minimum tempera- 
ture regimes at the main station certain patterns were 
found. Here also minima showed most variation 
during the early growing season. During early spring 
and the first weeks of late spring there was a con- 
sistent tendency for the highest minima to be recorded 
at the top or middle of the south slope and 
for minima to diminish down slope. On_ the 
north slope during this period a similar progres- 
sion was observed and the lowest minima at all 
stations almost always were recorded at the bottom 
of this slope. However, during the last three weeks 
of late spring, presumably under the influence of the 
developing canopy, variations in minima became 
negligible. Minimum temperature variations in sum- 
mer were slight. In fact, the diurnal low often was 
recorded at stations on the south slope, a cireumstance 
probably associated with the thinner south slope 
canopy which permitted the escape of greater amounts 
of outgoing radiation at night than did the thicker 
canopy of the north slope. In fall, patterns were 
similar to those of summer, with little marked dif- 
ference between the slopes. During late fall there 
was a trend toward lower minima on the north slope 
indicating a transition to winter conditions. 

The consistent presence of the lowest weekly 
minima at the bottom of the north slope during the 
first 3 weeks of late spring may be explained in 
terms of cold air drainage patterns. In the evening 
the soil and low vegetation on the sides of the kettle 
above this station radiated heat and temperatures 
dropped within the lower layers of air. This cooled 
air flowed down the sides of the kettle replacing 
warm air which occupied the kettle during the day. 
As cold air accumulated in the kettle a “cold air lake” 
was formed. When the level of this lake passed the 
level of the instruments at the bottom of the north 
slope, a marked drop in temperature was registered. 
Thermograph charts during this period often recorded 
this phenomenon, and abrupt drops in temperature 
of 4-8° between 7:40 and 8:35 P.M. were not un- 
common. The abrupt drop was always preceded 
by a slight rise in temperature associated with the 
forcing upward by the cold air of warm air which 
had filled the kettle during the late afternoon. The 
cessation of this pattern during the last part of late 
spring was due to a decrease in nocturnal outgoing 
radiation associated with canopy closure. 

Minima were most often recorded during the hours 
of early dawn when the “outgoing radiation type” 
(Geiger, 1957) had developed. A condition often 
associated with nocturnal minima is the development 
of a temperature reversal, or inversion, near the 
ground. 

Comparison of minima from the 10 em and 50 em 
levels at the main station indicated that pronounced 
inversions were recorded during early spring and the 
first weeks of late spring (Table 6). During the first 
3.5 weeks of late spring inversions occurred at all 
stations. On the south slope and at the top of the 
north slope 10 cm minima averaged about one degree 
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TABLE 6. Comparison of occurrence and magnitude of 
inversions during late spring at main station. 
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below those at 50 em whereas at the middle and 
bottom of the north slope 10 em minima were 2.4° 
and 1.6° respectively below those at 50 em. Thus, 
early in late spring, before the canopy and low plant 
cover had fully developed, inversions occurred on 
both slopes. 

On May 10 an abrupt change occurred in the pat- 
tern and distribution of inversions. From this date 
through the close of late spring and throughout the 
remainder of the growing season inversions rarely 
were recorded on the south slope and at the top of 
the north slope. In fact, minima were generally 
higher at 10 em than at 50 em. At the lower sta- 
tions on the north slope inversions continued to form 
but they were lower in magnitude than during the 
first part of late spring. An explanation for this shift 
in appearance of inversions may lie in the develop- 
ment of the ground layer vegetation on the siopes. 
A low plant cover spreads out the region of daytime 
heat absorption and the region of heat loss at night 
(Geiger, 1957), and a dense cover can hold cold air 
above it by the interference of its vegetative parts. 
Thus, on the south slope where the ground layer was 
better developed the low vegetation acted as a buffer 
zone for night-time extremes in temperature and pre- 
vented inversions from forming. On the north slope, 
however, the sparser ground layer was ineffective in 
this role and a weak inversion typically developed. 
During summer, the lowest average minima at 50 em 
at the main station actually occurred on the south 
slope. At this level there was no protection from the 




















January, 1961 


low plant cover and, because of the thinner canopy 
on this slope, heat exchange with the air outside the 
forest took place more freely than on the north slope. 
Thus, on the average, minima at 50 em on the north 
slope were higher than those at comparable levels on 
the south slope. 


WIND 

No detailed data on wind variations in the study 
area were collected. However, several limited ob- 
servations illustrated variations in the climate of the 
slopes at the main station related to differences in 
wind direction and velocity. 

A brief study of wind variability at the main sta- 
tion was carried out on May 4, 1957." Measurements 
of maximum, minimum, and average velocities and 
of wind direction at mid-day were taken at 4 stations 
on both slopes. Due to the direction of the wind, 
from the north-northwest, wind speeds were higher 
at each station on the north slope than at correspond- 
ing stations on the south slope. Velocities were high- 
est at the slope tops and decreased down slope. The 
lowest velocities were recorded at the bottom of the 
south slope. The data also showed that wind speeds 
were considerably lower at 10 inches above the ground 
than at 5 ft, particularly at the slope bottoms. 

There was evidence that such modified wind pat- 
terns appeared to exert some effect on daytime tem- 
perature regimes on the slopes (Table 7). On calm 
summer days, for example, the incoming radiation 
type was well-developed at all stations, particularly 
on the south slope. Intense solar radiation heated 
the air layer near the ground and, as there was little 
air movement to cool these sites, temperatures near 
the ground were extremely high. However, on days 
when there was a recognizable wind from the south 
or southwest, the incoming radiation type was not 
as strongly developed. The bottom and middle sta- 
tions on the south slope appeared to be least affected 
by the wind, whereas the two stations most affected 
were those at the tops of the slopes. 

TABLE 7. Average mid-afternoon air temperature at 
10 em and 50 em levels on clear, calm days and elear, 
windy days during summer at the main station. 























WIinp From Soutu 
Arr CaLm* or SouTHWEsT» 

Station -—— 
10 cm | 50 cm 10 em | 50 cm 
South top....... 84.5 81.1 79.4 78.9 
South middle....| 83.6 80.3 79.9 78.5 
South bottom....| 83.4 80.6 80.9 78.9 
North top....... 80.2 | 79.2 78.3 78.3 
North middle....| 78.9 79.4 76.6 78.4 
North bottom....| 79.1 | 78 .4 ye oe | 77.6 








® Average of 7 days. 
» Average of 4 days. 


and J. S. Marshall 


? The author is indebted to E. W. Bierly 
A. N. Dingle for per- 


for collecting these data and to Dr. A. 
mission to use them. 
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iVAPORATION 

Evaporative water loss from soil and plant sur- 
faces is an important microclimatic factor. Despite 
the fact that evaporation is depencent on other phys- 
ical phenomena (radiation, air movement, ete.) it 
is a useful measure of the environmental differences 
between various sites. The instrument measuring 
water loss integrates evaporation-influencing factors 
and, in this respect, behaves as a plant by respond- 
ing to the sum of factors rather than to each in- 
dividually. 

The fact that evaporation was greatest on the south 
slope throughout the study was shown by cumula- 
tive data from black and white bulb atmometers 
(Table 8). In fact, evaporation from white bulbs 
on the south slope exceeded that from black bulbs 
on the north slope. Evaporation for the season took 
place in a straight-line fashion, each 4-week increment 
approximately equalling that of the previous period. 
There was no evidence of a reversal to winter condi- 
tions with diminished evaporation because measure- 
ments were concluded before the cool, rainy weather 
of late fall and winter began. 


TABLE 8. Total evaporation and evaporation factors 
at main station, May 5-October 24, 1957. 





| 
| 





Total 
Station | evaporation | Factor 
(ee) | 
— ee) a ee 

North slope 
Bottom: White bulb...... .| 1457 1.00 
Black bulb...... | 1601 | 1.00 
Middle: White bulb....... | 1629 | 1.12 
Black bulb...... .| 1800 | 1.2 
Top: White bulb.......| 1803 1.24 
Black bulb... ....| 1965 1.23 

South slope | 
Bottom: White bulb. i 2044 | 1.41 
Black bulb....... 2430 | 1.52 
Middle: White bulb... 2168 1.49 
Black bulb... ... .| 2694 1.68 
Top: White bulb....... | 2225 1.53 
Black bulb. ......| 2722 1.70 


The general pattern of water loss through the 
growing season was similar for each of the locations 
sampled. During late spring evaporation dropped 
sharply due to canopy closure and attendant lowering 
of solar radiation and air movement within the trunk- 
space area. Several periods of accelerated evapora- 
tion occurred. These were related to periods of 
clear, warm weather. The most marked of these was 
during mid-summer when little rain fell and weeks 
were characterized by a high percentage of cloudless, 
sunny days. From this mid-summer peak, evapora- 
tion fell off through the remainder of the summer 
and increased during the dry fall when trees began 
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to lose their leaves. Although water loss patterns 
were similar at all locations, total loss was con- 
siderably higher on the south slope and there was a 
pattern of highest evaporation at the top of each 
slope and least at the bottom. 

Using the atmometer pair at the bottom of the 
north slope as a standard, evaporation factors were 
established for the various locations (Table 8). 
These data show the differences both between slopes 
and with position on the slopes. Total black and 
white bulb evaporation both increased by approxi- 
mately 12.5% increments up the north slope. The 
similarity between the precentage increases was prob- 
ably due to the low levels of light intensity occur- 
ring throughout most of the growing season on the 
north slope. On the south slope, however, white 
bulb evaporation was much greater than on the north 
slope, varying from 1.4 to 1.5 times as great from 
slope bottom to top. Black bulb evaporation was 
also much greater and showed a similar increase from 
bottom to top of slope. However, black-bulb values 
were higher than their white-bulb counterparts, a fact 
probably explained by the greater solar radiation re- 
ceived on the south slope. 


Som TEMPERATURE 


Because of the equipment used, soil temperatures 
recorded in this study were obtained at only one 
time during the diurnal period. Such data have 
certain limitations. Muttrich (1880, in Li 1926) 
showed that these data were not a safe basis for the 
caleulation of mean soil temperatures and that they 
could be used only on a comparative basis (as in the 
present study). Thus, maximum and minimum daily 
temperatures would be more desirable for describing 
annual and diurnal temperature regimes. 

Furthermore, the comparative value of the mid- 
afternoon readings obtained in this study is com- 
plicated by the different diurnal temperature regimes 
which characterized the slopes. A short study of 
diurnal soil temperature patterns at the main station 
on May 4, 1957, showed that maxima in the A, 
horizon were attained earlier on the south slope (1:00 
to 2:15 P.M.) and later (2:30 to 3:45 P.M.) on the 
north slope. In the Ay» horizon, temperatures rose 
continually during the afternoon and maxima at this 
depth on both slopes were not reached until late 
in the afternoon. Thus, by sampling soil temperature 
between 2:00 and 4:00 P.M., temperatures slightly 
below diurnal maxima were recorded in the Ay horizon 
on both slopes and in the A, horizon on south slopes. 
Only A, horizon readings on north slopes approxi- 
mated maxima for the day at those locations. Despite 
these limitations, the data obtained were useful in 
contrasting soil temperature regimes on the slopes. 

The general trend of soil temperatures in the A, 
and A» horizons was shown by average weekly tem- 
peratures from the scattered stations (Fig. 5). South 
slopes were characterized by warmer soil tempera- 
ture regimes than north slopes. In early spring tem- 
peratures in the A, horizon exceeded 50° on south 
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slopes while remaining at or below freezing on north 
slopes. Soil temperatures rose rapidly on both slopes 
during late spring. The greatest temperature range 
in the A, horizon on both slopes occurred during the 
first week of late spring. During the next 2 weeks, 
before the canopy had fully developed, maxima 
reached 73° on south slopes and 69° on north slopes. 
Increase in temperature in the A» horizon lagged be- 
hind that in the A,, the lag being greater on north 
slopes. The A, and A,» horizons on south slopes and 
the A, horizon on north slopes all reached their spring 
maxima during the first 2 weeks of early spring 
whereas the A» horizon on north slopes did not 
reach its spring maximum until the last week of late 
spring. 
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” HH —— South slopes, 2. em. depth (Ay horizon) 
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Ola ae Ske 62s wa ee %w ws 
Week beginning 
Fig. 5. Weekly average mid-afternoon soil temperature 


in A, and A, horizons at scattered stations (from Co- 
oper 1960a). Averages computed as in Fig. 1. 


Annual maxima were reached in both horizons and 
on both slopes during mid-summer. Maxima were 
higher on south slopes and temperatures averaged 
3-6° higher at similar depths on south slopes through- 
out most of summer. Differences in soil temperature 
diminished through late summer and early fall and 
were least in fall when there was an approach to the 
winter type of temperature profile with warmer tem- 
peratures deeper in the soil. 

Seasonal average soil temperatures from the main 
station showed the variations due to slope position 
(Table 9). Seasonal soil temperatures in both the A, 
and A» horizons were always highest on the south 
slope. Furthermore, during practically every season 
values decreased progressively from a high at the top 
of the south slope to a low at the bottom of the north 
slope. Differences between the slopes were greatest 
during late spring when values were 10-12° higher on 
the south slope than at similar stations on the north 
slope. Other seasons of major difference were carly 
spring and mid-summer when comparable values were 
8-10° and 6-7° higher on the south slope. Differences 
between the slopes were least in fall when, due to 
the lag effect, temperatures on the north slope were 
dropping proportionately slower than those on the 
south slope. 
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TABLE 9. Seasonal average soil temperatures in the A, 
and A, horizons at the main station. 





South | South | South | North | North | North 





Season top middle | bottom top middle | bottom 

Early spring 

Novia Fee iaee ss .| 48.3 43.6 41.2 34.4 33.5 33.4 

eee a 38.6 37.6 33.4 32.6 33.1 
Late spring 

Be Kaan athe wbas eet 65.0 64.9 61.7 53.2 52.2 51.2 

ss iia ssi a oa er 55.5 53.6 48.9 48.3 47.4 
Early summer 

_ Sa iol wee 69.1 67.7 64.3 64.2 63.5 

UE on3d 2 As a's , 64.9 64.2 63.2 60.6 60.1 59.2 
Mid-summer 

EP 75.2 72.7 69.6 68.3 | 67.0 

PTR i” 68.7 67.2 65.8 65.3 | 64.5 
Late summer 

Miu ncecdcnns cack, eee 67.5 68.2 65.6 65.2 63.7 

Phice.ss Sas Dike 65.6 64.8 64.1 62.8 | 62.4 62.1 
Early fall 

NET: 60.8 60.4 57.9 57.2 56.5 

_ pes, Raper y 58.5 58.3 57.2 56.4 56.0 56.0 
Late fall 

Ds abasgointen 50.0 48.7 50.2 49.0 48.5 48.7 

Wisse ee 50.7 49.5 49.3 48.7 50.0 




















a | ae Skea 





That there were four periods of major differences 
in soil temperatures at the main station can be shown 
by weekly average A, horizon values from the top 
of the south slope and bottom of the north slope 
(Fig. 6). The first period of difference was in early 
spring when the soils of the south slope had thawed 
and warmed whereas the soil at the bottom of the 
north slope remained frozen. Although data for 
this season were incomplete, over one-half of all read- 
ings on the south slope were above 40° whereas no 
readings this high were recorded on the north slope 
(Table 10). Conversely, temperatures of freezing 
and below were recorded regularly at the middle and 
bottom of the north slope, and not at all on the south 
slope. The first 4 weeks of late spring marked the 
second, and greatest, period of difference in soil 
temperature. During this season, before canopy 
closure, temperatures in the soil rose rapidly on both 
slopes. However, temperatures on the south slope rose 
higher and fluctuated more than those on the north 
slope (Table 10). Almost half of the temperatures 
recorded on the south slope during this period were 
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Fig. 6. Weekly average mid-afternoon soil tempera- 
ture in A, horizon at top of south slope and bottom of 
north slope at main station. 
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TABLE 10. Distribution of mid-afternoon A, horizon 
soil temperatures at the main station in various tempera- 
ture intervals during selected seasons. 





? | NuMBER oF Days 
Temperature interval | 


| | | ; 
South | South | South | North | North | North 

















top | middle | bottom | tp middle | bottom 
Early spring 
— 32.0..... a 0 1 1 | il 
32.1- 40.0... 10 9 11 25 16 15 
40.1 - 48.0 12 10 13 0 0 0 
48.1- + 4 7 2 0 0 0 
First four weeks of late spring 
32.1-40.0...... | 0 | es 0 | See 2 3 
id - OBO. ...06 250 2 ] 2 5 5 6 
Ce as | 2 3 3 13 12 18 
56.1- 64.0... 7 8 11 7 8 0 
6.1-72.0..........1 7 | 8 | 0 0 0 
72.1-80.0..........| 8 Fe 0 0 0 
80.1- + 1 | 1 | 0 0 0 0 
| 
Mid-summer 
60.1-68.0..........] 0 aan ee 19 | #17 24 
68.1- 76.0 sats 21 24 | 34 21 23 16 
76.1- 84.0 | 19 16 | 5 0 0 0 








over 64° whereas no temperatures of this magnitude 
were recorded on the north slope. 

The other periods of difference occurred during 
periods of high air temperature and low rainfall in 
mid-summer and early fall. The differences during 
mid-summer were particuiarly striking (Table 10). 
At the upper stations on the south slope almost half 
of the temperatures recorded were over 76°, whereas 
less than one-quarter of the readings at the upper 
stations on the north slope were of this magnitude. 
Furthermore, the lowest temperature recorded at the 
top of the south slope during this period was 71° 
whereas the highest temperature recorded at t?.- 
bottom of the north slope was 72°. Thus, there was 
practically no overlap between soil temperature ranges 
at these two stations. Examination of the tempera- 
ture distributions (Table 10) showed that the stations 
topographically-intermediate between these two ex- 
tremes had intermediate temperature distributions. 

Although no quantitative measurements were made, 
observations during the winters of 1957 and 1958 in- 
dicated that different temperature conditions prevailed 
in the surface soils of the slopes during this season 
(Cooper 1960a). Winter snow covers were seldom 
of long duration on south slopes. Snow usually 
melted soon after falling and there was seldom any 
great accumulation. North slopes, on the other hand, 
had a more or less continuous snow cover throughout 
most of mid-winter. The surface soils on south slopes 
underwent numerous cycles of freezing and thawing, 
particularly on warm, sunny days, whereas the soil 
remained frozen continuously under the snow cover 
of north slopes. Even after snow had melted in 
early spring the soils of some north slopes remained 
frozen several weeks longer than soils on south 
slopes. By March 31, 1957, for example, no frost was 
found in any south slope soil, whereas frost was still 
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encountered as late as April 4 and April 17 on two 
north slopes. 


Soir, MOISTURE 


As would be expected, there were differences be- 
tween the soil moisture regimes of the slopes. Aver- 
age weekly values from the seattered stations showed 
that north slopes had higher amounts of moisture in 
the A, horizon throughout almost the entire growing 
season (Fig. 7). With the exception of one week, 
average values were always lower on south slopes. 
There was an abundance of soil moisture on both 
slopes during all of spring. There was a rapid de- 
celine in soil moisture during early summer but the 
heavy rains of the last two weeks of this season 
raised levels again. Mid-summer was a period of 
extreme soil-1 oisture depletion with little or no rain 
falling during this period of annual maximum tem- 
peratures. Even during this period of drought soil 
moistures were higher on north slopes. Heavy rains 
in late summer raised soil moisture levels slightly, 
but these reserves were rapidly depleted by a long 
period of drought (22 days) during early fall. With 
the beginning of late fall soil-moisture values began 
to return to the high levels of winter and early spring. 
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Fig. 7. Weekly mid-afternoon soil moisture (per cent 
by weight) in A, horizon at scattered stations (from 
Cooper 1960a). Averages computed as in Fig. 1. 


The mid-summer drought when many plants, 
particularly those of south slope field layers, were 
still active vegetatively and reproductively, appeared 
to be of importance to plant distributions in the study 
area. During this lengthy dry period soil moistures 
probably dropped close to the permanent wilting point 
on both slopes. The drop was more marked on south 
slopes and this, coupled with the high air tempera- 
tures and evaporation rates of these sites, undoubtedly 
has been important in limiting the distribution of 
species with higher moisture requirements on south 
slopes. The mid-summer moisture stress of these 
sites was indicated by the fact that several species 
(Amphicarpa bracteata, Lysimachia quadrifolia, 
Monarda fistulosa, and Phryma leptostachya) under- 
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went brief mid-afternoon wilting several times during 
the week of August 11-17. These conditions were in 
marked contrast to those of north slopes. When soil- 
moisture conditions became eritical during mid-sum- 
mer on those sites, maximum temperatures were low 
enough so that the great evaporation stress of south 
slopes was not present. Wolfe et al. (1949) called 
attention to a similar situation with regard to 
maximum temperature variations between cliff and 
forest habitats at Neotoma. Furthermore, many late- 
aestival and autumnal flowering species of the south 
slopes carried on their entire reproductive cycle dur- 
ing the period of extreme moisture stress in late sum- 
mer or fall whereas on north slopes more species were 
vegetatively and reproductively active during spring 
when there was abundant moisture in the soil. 
Seasonal percentages at the main station (Table 
11) supported the generalizations derived from the 
scattered station data. During early spring there was 
a large amount of moisture in the soil on both slopes. 
More moisture was present in the A, horizon during 
early spring than during any other part of the 
growing season. Soil moistures at all stations re- 
mained relatively high during late spring and early 
summer but during mid-summer values averaged 
lower than any other season except early fall. Dur- 
ing these dry periods values at each station, with the 
possible exception of the bottom of the north slope, 
undoubtedly approached the permanent. wilting point. 
At the bottom of the north slope during the drying 
cycles moisture values in the A, horizon were higher 
than at other stations. This was due to the lower soil 
temperatures, air temperatures, and evaporation rates 
at this site. Also, the heavy litter layer prevented a- 
considerable amount of direct evaporative water Joss 
from the soil. 
The pattern of daily soil-moisture values in the 
A, horizon at the top of the south slope and the 











TABLE 11. Seasonal average soil moisture (percentage 

by weight) in A, and A, horizons at the main station. 
South | South | South | North | North | North 
Season top middle | bottom top middle | bottom 

Early spring 

ee, 22.6 9.6 23.0 22.5 19.8 

a 5 oh Oe 7.8 8.7 11.0 14.2 12.2 9.9 
Late spring 

Se Ee fe 21.5 20.0 23.4 20.0 20.3 

LE ae 8.0 9.1 9.8 13.2 8.8 8.3 
Early summer 

Betacrawes : 19.9 15.8 16.4 17.9 20.8 23.4 

i nb aeumies ns aihin 7.6 8.5 8.0 9.7 8.0 8.4 
Mid-summer 

| NOR 8.7 8.4 8.9 9.1 12.8 15.5 

Dicocaien > sawste 4.8 4.7 4.1 5 6.0 5.7 
Late summer 

epee me f 16.9 17.2 16.7 20.2 19.1 

eee 5.0 5.2 5.9 6.2 4.8 7.5 
Early fall 

Ai 8.8 7.4 10.1 7.5 11.4 12.3 

DRAdeintatoraccs 3.6 3.1 2.8 3.6 3.5 3.7 
Late tall 

tas skpeee anh 31.8 25.0 24.3 25.9 33.5 42.4 

WERE ree 10.8 9.2 10.1 23.0 10.5 12.4 
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bottom of the north slope (Fig. 8) showed a further 
difference between the soil-moisture regimes of the 
slopes obscured by the seasonal, or even weekly, 
averages. During late spring and early summer four 
well-developed cycles of wetting and drying (A, B, 
C, and D) occurred at the top of the south slope. 
These cycles were poorly developed at the bottom of 
the north slope. There was one cycle of drying dur- 
ing summer and one in fall. These extended cycles, 
marking the periods of summer and fall drought, oc- 
curred on both slopes but were more severe on the 
south slope. Thus, even during late spring and early 
summer, when soil-moisture levels were the most 
favorable of any season, repeated cycles of drying 
took place on the south slope. These cycles of high 
moisture stress, developing in response to periods of 
low rainfall and high temperature, probably were a 
significant habitat difference between the slopes. 
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soil 
horizon at top of south slope and bottom of north slope 
at main station (from Cooper 1960a). 


Fig. 8. Daily mid-afternoon moisture in A, 


Soil-moisture regimes in the A», horizon operated 
through a smaller range and fell much lower during 
dry periods than did soils of the A, horizon. The 
high values of early spring were never fully re- 


TABLE 12. 
March 31-September 14, 1957. 
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plenished until the heavy rains of fall after the 
end of the growing season. Variations in intensity, 
interception by the canopy and litter, and retention 
of water in the surface layers of the soil combined 
to limit the effectiveness of summer rains in wetting 
the A, horizon. For example, a heavy rain (0.65 
in.) fell during the morning of July 22. Moistures in 
the A, horizon were raised more than 20% at several 
stations, but in the A, horizon the greatest increase 
was 2.4% and several stations showed no inerease at 
all. During the second and third weeks of September 
there was no moisture increase in the A, horizon 
despite 4 moderate rainfalls and 2 showers. Moisture 
was lost continuously through the 2-week period while 
3 cycles of wetting and drying took place in the A, 
horizon. Thus, plants having their major root 
activity in the A, horizon must be able to operate on 
a low moisture budget throughout most of the growing 
season. As mentioned, the effects of this lower mois- 
ture budget were not as great on north slopes. 


SumMARY OF MICROCLIMATES 

The major differences between the microclimates. of 
the slopes are summarized (Table 12) by average 
values for major microenvironmental factors for the 
period March 31—September 14, 1957 (the period 
of most intensive instrumentation). 

Most of the differences between the slopes may be 
related to basic differences in their solar radiation bud- 
gets. Differences in visible radiation (relative light in- 
tensity) may be taken as indications of differences 
in total solar radiation budgets (Table 12). Relativs 
light intensity was greates. on south slopes, averaginy 
over 5% higher than on north slopes. Furthermore 
average intensities \-ere highest at the top and middle 
of the south slope (21.8% and 21.5%) and diminished 
to a low of 9.3% at the bottom of the north slope. 

The greater net solar radiation budget of the south 
slopes, interacting with vegetation, produced higher 
air and soil temperatures, higher evaporation rates, 
and lower soil moisture values on south slopes than 
on north slopes (Table 12). Average air tempera- 
tures were higher on south slopes throughout most 
of the year and different maximum air temperature 


Averages of weekly values for principal microenvironmental factors at seattered and main stations. 
































ScATTERED STATIONS | MaIn Station 
Factor i : — 

South North South | South | South | North | North | North 

slopes slopes top middle | bottom top middle | bottom 
Relative light intensity (%).............. 15.6 10.3 21.8 | 21.5 18.8 | 11.3 10.5 9.3 
Maximum air temp., 50 cm (°F)........... 81.8 75.0 7a.2 | ¢2.9 72.9 | 72.0 rf Sars 71.6 
Maximum air temp., 10 cm (°F)........... 83.5 75.6 81.9 80.7 80.2 75.9 74.4 75.3 
Minimum air temp., 50 cm (°F)........... 51.3 50.7 51.8 52.0 51.6 51.6 52.3 51.5 
Minimum air temp., 10 em (°F)........... 52.3 51.5 54.7 54.6 54.2 | 54.5 53.4 53.2 
ECMO 0s ar kk gow vee se Ss “a 113.4 | 112.3 | 101.3 81.9 75.0 66.7 
ST 3 a ee ae 65.9 61.9 67.6 67.0 64.8 60.0 59.8 57.9 
EC) Se rar 61.3 56.9 61.3 60.6 59.3 56.4 55.9 55.2 
Soil moisture, A; (% by weight)........... 14.5 19.6 15.1 13.0 13.0 | 15.3 16.4 18.2 

i | 




















* Not sampled. 
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regimes characterized the slopes. Maximum air tem- 
peratures averaged almost 7° higher at 50 em and 8° 
higher at 10 cm on south slopes at the scattered sta- 
tions. Average maxima at both levels at the main 
station were highest at the top of the south slope and 
declined to lows at the middle and bottom of the 
north slope. Soil temperatures in the A, horizon 
averaged 4° higher on south slopes at the scattered 
stations and such temperatures averaged almost 10° 
higher at the top of the south slope than at the 
bottom of the north slope at the main station. Similar 
differences were observed in the A, horizon. Evapora- 
tion rates at the main station averaged 50-70% greater 
on the south slope than at the bottom of the north 
slope. Soil moisture levels were somewhat variable, 
but in general average values were lower on south 
slopes than on north slopes. 

In summary, the microclimates varied from warm 
and dry, with relatively wide extremes, on south 
slopes, to cooler, more moist, and less variable on 
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north slopes. Whereas south slopes had a xeri¢e 
microclimate, north slopes were more mesic. Further- 
more, xeric characteristics were best expressed at 
the top of south slopes and more mesic conditions 
were best expressed at bottoms of north slopes. Sta- 
tions topographically intermediate between these ex- 
tremes showed correspondingly intermediate micro- 
climates. 

The data suggested that the microclimates studied 
constituted 2 microenvironmental gradient. That such 
a gradient exists can be shown by the use of scatter 
diagrams (Fig. 9). In these diagrams topographic 
and vegetational features are used for the graph axes. 
Each point represents a station sampled and the 
radiating lines represent 8 major environmental fac- 
tors. The length of each line is determined from the 
range of values of the yearly averages for each 
factor. The shortest line represents a value in the 
lowest 1/4 of the range with lengths increasing for 
values in the second, third, and highest quarters. 
Soil moisture values are reversed, with low soil mois- 
ture values being placed in the highest quarter and 
high values in the lowest. 

These figures show that the north slopes are 
characterized by predominantly short radiating lines 
whereas south slopes have long lines for almost every 
factor. At the main station, the bottom of the north 
slope has all short radiating lines indicating low (or 
narrow) yearly averages. The number of long lines, 
indicating increasing xerism, increases up the north 
slope and also up the south slope with the middle and 
top of the south slope having almost all long lines. 
Thus, the method gives a visual representation to the 
variation in the microclimates in addition to indicat- - 
ing their gradient relationships. 


RESULTS: VEGETATION? 

Just as a knowledge of the regional climate is 
necessary for an interpretation of specific micro- 
climates, the regional biological spectrum is basic to 
an understanding of variations in community life- 
form composition. The biological spectrum for the 
entire Reserve flora was hemicryptophytic, as were 
spectra for other communities on the Reserve, in that 
they showed an increase of over twice the number of 
hemicryptophytes and ecryptophytes in the normal 
spectrum at the expense of phanerophytes and cha- 
maephytes (Table 13). Such spectra are characteristic 
of temperate regions with an unfavorable season rep- 
resented by a cold winter. Differences between field 
and forest communities with respeet to percentages 
of phanerophytes, hemicryptophytes, and therophytes 
merely reflect differences in the physiognomy of 
these types. Cryptophytes were less important in the 
upland areas than in the total flora because of the 
absence of hydro- and helophytes in these habitats. 

The greatest differences in vegetation at the study 
sites were found in a comparison of the grouped 
slopes (see page 18). Because of the limited num- 


3 For the raw data and other vegetational correlations see 
1958. 
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TABLE 13. Presence-based life-form spectra for cer- 
tain upland communities on the E. S. George Reserve. 























| | 
| No. 
Community spp. | Ph | Ch} H | Cr | Th 
eer k Meese MASE CER TORE BGS Osh 8 
Total Reserve flora (Cooper, 
Pree 567 |16.5) 1.4/56.0)15.0/11.1 
Old field (Evans and Cain, | | 
SESS ae 90 | 8.9) 2.2/64.5/11.1)13.3 
Upland forest (Cooper, 1958) 
West Woods........... 100 |30.0) 1.0)55.0/13.0) 1.0 
Southwest Woods......| 97 |33.0| 0.0)51.5|14.5| 1.0 
Big Woods............} 219 {23.2} 1.8/59.8/11.4) 4.6 
Normal Spectrum (Raun- | 
a) ee 1000 |46.0) 9.0/26.0) 6.0/13.0 





bers of slopes in each group, statistical comparisons 
were not made. Only the most evident differences are 
discussed. Stations 12 and 13 were eliminated from 
these comparisons as their central tiers contained old 
roadways and thus were somewhat disturbed. 

There were several gross vegetational differences 
between the groups of slopes. Despite the fact that 
there were no great differences in total numbers of 
species within the groups, the total number of hemi- 
eryptophyte species was lowest on protected north 
slopes (53) and open north slopes (55) inereasing 
to 56 on protected south slopes and 59 on open south 
slopes. Phanerophytes were most numerous on both 
protected north slopes and protected south slopes (31 
on each) and least abundant on open north slopes 
(27) and open south slopes (26). Total vegetative 
cover was greatest on protected north slopes, averag- 
ing 21,767 em/120 m, diminishing to 20,153 em on open 
north slopes and 19,729 em on protected south slopes. 
Total cover was least on open south slopes, averaging 
17,826 em/120 m. Of this total cover, by far the great- 
est percentage was phanerophytic. Phanerophyte 
cover values were greatest on protected north slopes 
(20,480 em/120 m), diminishing to 17,960 em on open 
north slopes and 17,831 em on protected south slopes, 
and were least on open south slopes (14,810 em). 

There were also differences in the field layers of 
the grouped slopes. Total field layer cover averaged 
3064 em/180 m on protected north slopes, increasing 
to 4158 em on open north slopes, 5305 em on pro- 
tected south slopes, and 6427 em on open south slopes. 
Total hemieryptophyte cover was lowest (967 em/180 
m) on protected north slopes and averaged 3 times as 
great (2974 em) on open south slopes. Open north 
slopes and protected south slopes had intermediate 
values. Field layer phanerophyte cover averaged least 
(894 em/180 m) on open north slopes and most on 
protected south slopes (2472 em). Values on pro- 
teeted north slopes and open south slopes were 1202 
em and 1925 em respectively. 

Certain variations within life-form subclasses were 

,also evident. Canopy cover (total cover of meso- 
and megaphanerophytes) averaged 175 m/120 m on 
protected north slopes, 159 m on open north slopes, 
158 m on protected south slopes, and 135 m on open 
south slopes. Comparable basal areas for the grouped 
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slopes were 26.2, 26.7, 20.6, and 21.4 ft?/900 m?, 
Total microphanerophyte cover also was greatest on 
protected north slopes (21.8 m/120 m) and least on 
open south slopes (0.4 m). Values on open north. 
slopes and protected south slopes were intermediate, 
being 14.5 m and 3.6 m respectively. Among hemi- 
cryptophytes, protohemicryptophytes had, on the 
average, 10 times greater cover value on open south 
slopes than on protected north slopes. Rosette 
hemicryptophyte cover was greatest on open north 
slopes (349 em/180 m) and protected north slopes 
(331 em), diminishing to 66 em on protected south 
slopes and 37 em on open south slopes. There were 
no clear patterns with respect to distributions of true 
nanophanerophytes, chamaephytes, geophytest and 
therophytes. 

The differences in field layer life-form distributions 
suggested that there might also be shifts in life- 
form dominance from the bottoms to the tops of the 
grouped slopes. As each plot consisted of 3 tiers of 
3 100 m* plots, data were available from the top, 
middle, and bottom of each slope. From these data 
trends in life-form composition at different slope 
positions were analyzed. 

Each group of slopes had a characteristic distribu- 
tion of field-layer life-forms. On protected north 
slopes total cover in the field layer increased toward 
the slope tops. Relative cover of hemicryptophytes 
was greatest in the middle of the slopes where relative 
values of geophytes and nanophanerophytes were 
least. Geophytes and hemicryptophytes were of about 
equal importance at the bottoms of these slopes and 
hemicryptophytes increased in relative value upslope. 
Open north slopes showed an opposite pattern, total 
field-layer cover decreasing toward slope tops. Hemi- 
cryptophytes were of greatest relative importance at 
the slope bottoms and decreased in importance up- 
slope, whereas geophytes and nanophanerophytes had 
greatest relative values at slope tops and decreased in 
importance downslope. Thus, the 2 groups of north 
slopes showed almost reverse trends. 

On open south slopes field-layer cover increased 
greatly toward slope tops. Hemicryptophytes had 
almost twice the relative value at the tops of the 
slopes as at the bottoms and nanophanerophytes de- 
creased in importance toward the slope tops. Geo- 
phytes had rather constant relative coverage but de- 
creased upslope in relation to hemicryptophytes. Pro- 
tected south slopes showed the same general trends, 
but in a less marked fashion. 

From these data it is possible to generalize that, 
within the field layer, in situations where hemicrypto- 
phytes increase in relative importance geophytes and 
woody field-layer species decrease. 

Despite differences in degree of protection afforded 
the slopes and variations in topographic outline it 
was possible to demonstrate certain contrasts between 
all north slopes as opposed to all south slopes. Dis- 
tribution of species in life-form classes and presence- 


4 As geophytes were the only class of cryptophytes represented, 
the term geophyte is used when referring to the cryptophyte life- 
form. 
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based life-form spectra showed that there were no 
significant (Mann-Whitney U Test, Siegel 1956) dif- 
ferences between the distribution of life-forms in the 
total floras of the north and south slopes. There were 
slightly more species on south slopes, an average of 
105 to 102. There was an average of 30 phanero- 
phytes on north slopes and 27 on south slopes. 
Hemicryptophytes were more numerous on south 
slopes, an average of 60 to 54. However, the wide 
ranges in the values negated these small differences. 
Analysis of total cover values for each life-form 
class (Fig. 10) and coverage-based life-form spectra 
for the entire plot vegetation showed that there were 
differences in the importance of certain life-forms on 
the slopes. There was a significantly greater total 
vegetative cover (5% level) and cover of phanero- 
phytes (5% level) on north slopes and a significantly 
greater cover of hemicryptophytes (1% level) on 
south slopes. There were no significant differences in 
the distribution patterns of other life-form classes. 
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Upper line of pair indicates north 
slopes, lower line south slopes. Horizontal line indicates 
the range of values and vertical bar the mean value. Per 
cent values refer to significance levels using the Mann- 
Whitney U Test (Siegel 1956). Ph=phanerophytes; 
Ch—=chamaephytes; H=hemieryptophytes; G=geophytes; 
Th=therophytes. 


vegetation of slopes. 


Spectra constructed from the total flora of sample 
plots, however, are too general to be sensitive. They 
inelude members of different strata which, in maturity, 
are responding to different sets of microenvironmental 
factors. Cantlon (1953) showed that vegetationai 
differences between slopes, in conjunction with micro- 
climatic differences, increased with proximity to the 
soil surface. Thus, an analysis of the field-layer 
(forest floor) vegetation, which. is established under, 
and responds to, the microclimatic conditions near 
the ground, should yield the greatest differences be- 
tween the structure of the vegetation of the slopes. 
In addition, when studies exclude the tree layer and 
are based on coverage, the overwhelming influence of 
the trees is escaped and other differences become more 
apparent. 
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There were no significant differences either in dis- 
tribution of species in life-form classes or in presence- 
based life-form spectra for the slope field layers. 
The distributions and spectra were virtually identical 
to those for total plot floras as almost all canopy and 
understory species were represented by reproduction 
in the field layer. 

However, total cover values for each life-form class 
(Fig. 11) and coverage-based life-form spectra showed 
that there were differences between the slopes. There 
was a significantly greater total field-layer cover (1% 
level), cover of nanophanerophytes (5% level) and 
hemieryptophytes (1% level) on south slopes. There 
were no significant differences with respect to cover 
of chamaephytes, gec phytes, or therophytes. 
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Fig. 11. 
vegetation. 


Thus, the gross structure of the vegetation on the 
slopes was different. On the north slopes there was 
a greater total plant cover and cover of phanerophytes 
(trees and shrubs) but a more poorly-developed field 
layer. On the south slopes there was less tree and 
shrub cover but greater field-layer cover. Within 
the field layer, cover of nanophanerophytes and hemi- 
eryptophytes was greater on south slopes than on 
north slopes. 

Analysis of the distribution patterns of the sub- 
classes of the 5 major life-form classes brought out 
further differences between the slopes. Among 
phanerophytes (F’. 12), there was a significantly 
greater diversity c: species and significantly greater 
cover (1% level) of meso- and megaphanerophytes on 
north slopes. Breakdown of data for trees (meso- 
and megaphanerophytes) showed that although there 
were no differences in total number of stems or in 
stems of smaller size classes (Table 14), there were 
significantly more large trees (over 18 in. d.b.h.) on 
north slopes. The total basal area averaged 5 ft more 
per 900 m? on the north slopes and this difference 
was significant at the 1% level. The tree of mean 
diameter was also significantly larger (5% level) on 
the north slopes. Although there was no significant 
difference in the number of microphanerophyte species 
or stems on the slopes, this life-form had a somewhat 
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significantly greater cover on north slopes (10% 
level). There was great variability in the distribution 
of microphanerophytes on north slopes as the devia- 
tions in Figure 12 indicate. The heavy cover at 
several stations (1, 10, 11) was produced by a dense 
growth of Hamamelis virginiana whereas on other 
north slopes cover was contyvibuted by more widely- 
spaced saplings, small trees, and Hamamelis. On 
south slopes cover was uniformly low and was mostly 
of scattered saplings and individuals of Amelanchier. 
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Fig. 12. Total cover of phanerophyte subclasses. Ex- 

planation as in Fig. 10. MM=meso- and megaphanero- 


phytes; M=—microphanerophytes; N=nanophanerophytes. 


TABLE 14. Density and basal area (per 900 m?) of 
meso- and megaphanerophytes. 














| 
Total Stems Basal Tree of 
Plot stems over | over 18 in. area mean 
lin.d.b.h.| — d.b.h. (ft?) diam. (in.) 
North slopes 
ae see. 70 2 30.7 9.0 
Se 62 4 26.4 9.0 
ee 83 4 27.5 ce f 
. ae 49 3 22.9 9.4 
gle eee 57 0 23.4 8.7 
| SA 73 1 23.3 7.6 
BROW Sew isnt 48 4 29.1 11.0 
_ Sa 105 3 24.7 6.6 
Meéan........< 68 2.68 26.0» 8.6° 
South slopes 
Dts tees 71 1 rs Ae 7.6 
ere 82 0 19.2 6.6 
| ae eee 74 0 18.8 7.0 
| Ree 80 0 20.8 6.9 
Ly See eh 95 0 24.0 6.8 
Se 62 1 19.7 8.0 
a ee 67 1 20.3 7.4 
Cae 62 2 23.3 8.4 
Mean. .......... 74 0.68 21.0% 7.3° 











® Difference significant at 2% level. 

» Difference significant at 1% level. 

¢ Difference significant at 5% level. 
Other difference not significant. 


Of the field-layer phanerophytes (Fig. 12), some 
were true nanophanerophytes and thus natural ele- 
ments of the field layer whereas others were trans- 
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gressives which eventually will exceed the nano- 
phanerophyte class. There was no significant differ- 
ence in the number of species or total cover of true 
nanophanerophytes on the slopes. As the small cover 
values indicate, this life-form was not significant in 
the total field-layer vegetation. However, cover of all 
transgressives was significantly greater on south 
slopes. Breakdown of this phanerophyte reproduction 
showed the source of difference to be within reproduc- 
tion of the meso- and megaphanerophyte classes. 
These life-forms had significantly greater cover (2% 
level) on south slopes whereas there was no significant 
difference in cover of microphanerophyte reproduc- 
tion. Thus, whereas conditions favored germina- 
tion and establishment of tree reproduction on south 
slopes, conditions on north slopes appeared to be 
such that a greater number of individuals reached 
maturity and those that matured grew to larger sizes. 
Mortality on south slopes seemed to oceur between 
the seedling and sapling stages. 

Analysis of the herbaceous element of the field 
layer showed further differences between the slopes 
(Fig. 13). There were greater numbers of proto- 
hemicryptophytes and these had a significantly greater 
cover value (1% level) on south slopes. There were 
no significant differences, either in number of species 
or cover, of semi-rosette hemicryptophytes. How- 
ever, rosette hemicryptophytes had significantly more 
cover (1% level) on north slopes. Thus, the dif- 
ferences between the hemicryptophyte populations of 
the slopes are due to the considerably greater domi- 
nance of protohemieryptophytes on south slopes. 
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Fig. 13. Total cover of hemieryptophyte and geophyte 
subelasses. Explanation as in Fig. 10. Hp=protohemi- 
eryptophytes; Hs=semi-rosette hemieryptophytes; Hr= 
rosette hemicryptophytes; Grh=rhizome geophytes; Grt= 
roc’ tuber geophytes. 





There were no great differences in the number of 
species or cover values of geophytes, chamaephytes, or 
therophytes. Although there was no significant dif- 
ference in total geophyte or rhizome geophyte cover, 
there was a somewhat significantly greater cover (10% 
level) of root-tuber geophytes on north slopes. As 
only 2 species were involved, this relationship seems 
of questionable importance. Only 4 chamaephytes 
were encountered in this study and, in terms of 
coverage, these were an insignificant component of the 
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vegetation. This is in keeping with other life-form 
studies of eastern American deciduous forest. Thero- 
phytes were irregularly distributed and were not found 
to be more important on south slopes, either in num- 
ber of species or cover. Other workers (Oosting 1942, 
Cantlon 1953, Miller & Buell 1956) found more 
therophytes on south than north slopes and related 
this condition to the lack of light and open ground 
on north slopes. Although there often were more 
therophytes in stands with low canepy cover this 
relationship was by no means consistent. Their pres- 
ence seemed more related to available disturbed or 
open ground, regardless of slope orientation. 

As previously indicated, there are few studies deal- 
ing with the distribution of Raunkiaerian leaf-size 
classes within a single vegetation type. The data of 
this study offered an opportunity to analyze variation 
in distribution of leaf-size classes within a large 
community and to relate: this variation, where possible, 
to habitat variation. 

Analysis of leaf-sizes in the Big Woods showed 
that 58% of the species were microphylls. Nano- 
phylls (19.7%) and mesophylls (18.4%) were of 
secondary importance and the larger-sized leaves, 
macrophylls and megaphylls, were absent. Other 
woodland communities on the Reserve showed very 
similar patterns. These distributions were similar 
to those of other deciduous forests and to that re- 
ported for temperate gallery rain forest by Cain et al. 
(1956). There was a definite shift toward a greater 
percentage of small leaves, leptophylls and nano- 
phylls, in the old-field community studied by Evans 
& Cain (1952). 

Analysis of the entire plot vegetation showed several 
differertees in leaf-size classes on the slopes. On a 
species basis, only differences in presence of nano- 
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vegetation (above) and field-layer vegetation (below). 
Explanation as in Fig. 10. Le=leptophylls; Na=nano- 
phylls; Mi=microphylls; Me=mesophylls. 
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phylls were significant, as this size class was more 
abundant on south slopes. However, total cover 
(Fig. 14, top) of leptophylls and miecrophylls was 
significantly greater (1% level and 10% level re- 
spectively) on south slopes. Total cover of meso- 
phylls was significantly greater (2% level) on north 
The greater mesophyll cover on north slopes 
was directly related to the greater tree dominance 
on those slopes as virtually all trees had mesophylls. 
Although there were significantly more nanophyllous 
species on south slopes, there were no differences in 
cover values for this class. 

Proportions in the field layer were somewhat dif- 
ferent. Here leptophylls, microphylls, and mesophylls 
all had significantly greater cover (1%, 2%, and 
10% levels respectively) on the south slopes (Fig. 
14, bottom). The greater cover of mesophylls in the 
field layer on south slopes as opposed to their greater 
coverage in the total vegetation of north slopes was 
related to the similar shift in dominance of phanero- 
phytes. The greater cover of mesophylls in the field 
layer on south slopes was due to the greater cover of 
transgressives on the south slopes, as these transgres- 
sives were virtually all reproduction of the mesophyll- 
class trees. 

Those life-forms confined to the herbaceous synusia 
(Fig. 15) had a more definite pattern of difference 
between the slopes. Among these species, leptophylls 
and mierophylls again had significantly greater cover 
on south slopes (both 1% level). However, herbace- 
ous mesophylls had significantly greater cover (1% 
level) on north slopes. Thus, there was a greater 
importance of herbaceous species with small leaves on 
south slopes whereas herbaceous species with larger - 
leaves were a more prevalent element on north slopes. 


slopes. 
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There were no great variations in dominance of 
leaf-size classes at different slope positions. Lepto- 
phyll cover averaged the least at the bottoms of the 
north slopes and the most at the tops of the south 
slopes. These trends, however, were not significant. 
Herbaceous mesophylls showed a reverse pattern, hav- 
ing the greatest cover at bottoms of north slopes, but 
these trends also were not significant. Microphyll 
cover increased up the north slope and vas significant- 
ly greater (10% level) at the top of the south slope 
than at the bottom. 
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RELATIONSHIPS BETWEEN LIFE-FORMS 
AND MICROCLIMATE 

Several approaches to the interrelations of vegeta- 

tional and microclimatic data were possible. The most 

direct was correlation of variations in life-form dis- 

tribution with variations in single factors of the micro- 


climate. However, as the variations in light, air and 
soil temperature, evaporation, and soil moisture 
formed a gradient of change from a mesic to a 


xeric extreme, each vegetational feature would show 
the same general relationships with each of the in- 
dividual microclimatic factors. Thus, another ap- 
proach seemed desirable. 

As the presence of a plant on a given site is 
generally determined by a complex of environmental 
factors rather than by one factor alone (Billings 
1952), the differences in vegetation between sites (on 
a compositional or structural basis) may be regarded 
as due to the sum of the environmental differences 
between the sites. Thus, a method which gathered 
together the differences in the several environmental 
features at each site and expressed these as one 
cumulative value seemed a logical means of expressing 
the total environmental differences among the sites 
studied. 

Such a combination of data, termed the Microen- 
vironmental Index, was used in this study. The Index 
was computed in the same manner as a Hybrid Index 
(Anderson 1949). Base figures used in computation 
were averages for environmental factors for the period 
March 31 to September 14, 1957. A total range of 
10 was used, with mesic features such as low light 
intensities, low temperatures, low evaporation rates, 
and higher soil moistures assigned values near zero 
and xeric features assigned values near 10. In 
assigning final values, the mesic extreme of a given 
factor was assigned a value of 0 and the xeric ex- 
treme a value of 10. Intermediate values were placed 
along a scale in their proper position between the 
extremes and assigned Index values by comparison 
with the seale of 10 equal units. Ten factors for 
each set of data were used, making a total possible 
Index range from 0-100. Thus, values near 100 in- 
dicated xeric microenvironments whereas values near 
zero indicated more mesic conditions. 

Microenvironmental Indices for both the scattered 
and main stations are shown in Table 15. At the 
scattered stations high Indices were characteristic of 
the south slopes and lower values occurred on the 
north slopes. At the main station Indices were highest 
at the top of the south slope and declined to a low 
at the bottom of the north slope. These values cor- 
responded very closely to the positions of the dots in 
the scatter diagrams (Fig. 9) and offered. a sort of 
numerical corroboration of the conclusions drawn from 
them. 

Several limitations exist on the data available for 
comparison. Indices for the scattered and main sta- 
tions cannot be compared because of the differences 
in the types of instrumentation (maximum tempera- 
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TABLE 15. Computation of Microenvironmental Indices 
for scattered and main stations. 
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3 | 4 7 5 6 8 
Max. Air Temp., 50cm....| 8.8 | 10.0 YH 0.5 1.1 0.0 
Min, Air Temp., 50 cm....| 8.6 10.0 8.1 6.3 0.0 10.0 
Range, Air Temp., 50cm..| 9.0 | 10.0 7.8 Oe 2.8 0.0 
Max. Air Temp., 10em....| 7.0 | 10.0 | 9.8 | 0.0] 0.5 1.0 
Min. Air Temp., 10cm....| 3.6} 10.0 5.7 0.0 0.4 2.2 
Range, Air Temp., 10cm..| 6.6 | 9.0 10.0 0.0 0.5 0.2 
Light Intensity. 8.8 | 10.0 8.0 3.0 0.0 1.2 
boil Temp., 2 cm... ‘ 8.8 10.0 9.8 0.0 0.8 2.4 
Soil Temp., 20 em........ 9.5 | 10.0 | 8.7 0.9 0.0 3.0 
Soil Moisture, 2 em.. 7.7] 6.8 | 10.0 | 0.0] 2.3 | 5.2 
Microenvironmental a 78.4 | 95.8 | 85.6 | 12.4 8.4 25.2 
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B. Main Station 





Bottom | Top | Middle | Bottom 





Max. Air Temp., 50 cm....| 10.0 8.1 8.2 2.2 0.6 0.0 
Min. Air Temp., 50cm....| 4.2 6.0 1.0 0.8} 10.0 0.0 
Range, Air Temp., 50cm..| 9.3 8.1 10.0 5.4 0.0 8.4 
Max. Air Temp., 10 cm....| 10.0 8.5 7.9 2.2 0.0 1.2 
Min. Air Temp., 10 cm....| 10.0 9.0 6.3 8.5 1.6 0.0 
10.0 9.8 7.4 3.2 2.2 0.0 








Soil Temperature, 20 cm... 
Soil Moisture, 2 cm...... 6.1 


Microenvironmental Index. 























ture, e.g.) and in factors recorded (evaporation at 
the main station only). Furthermore, the north slope 
at the main station was a protected north slope and 
the south slope was an open slope. Thus, any ecor- 
relations of microclimatie data for different . slope 
positions with vegetational changes were limited to 
correlations of vegetational data from protected north 
slopes and open south slopes with microclimatic data 
from the main station. 

Gross vegetational features correlated rather well 
with the Microenvironmental Index. Total field layer 
cover increased greatly in the more xerie microenviron- 
ments. Field layer cover averaged 3064 em and 4158 
em on protected and open north slopes respectively, 
increasing to 5305 em on protected south slopes and 
6427 em on open south slopes. . Total cover also in- 
creased from an average of 696 em at the bottom, to 
1174 em at the middle, and 1193 em at the top of 
protected north slopes and from 1765 em at. the 
bottom of open south slopes to 2135 em and 2527 em 
at the middle and top of these slopes. 

Relative cover of hemieryptophvtes (Table . 16) 
showed a general increase in more xerie microclimates. 
Although the variations at the extremes were con- 
siderable, intermediate stations showed some devia- 
tions.. Relative cover of geophytes (Table 16) ap- 
peared to be greatest in areas with low Index values 
(mesic) and to decrease as Index values increased. 
The variation at the extremes, however, was not as 
great as with hemicryptophytes. Thus, although: the 
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TABLE 16. Relative coverage of herbaceous life-forms 
in relation to Microenvironmental Indices on grouped 
slopes. H=hemicryptophytes; G—geophytes; Le= lepto- 
phylis; Mi=microphylls; Me=mesophylls; MiH=hemi- 























eryptophytes with microphylls; MeG—=geophytes with 
mesophylls. 
| Re ative CovERAGE OF: 
Station Index*} nm 
value; H G Le Mi Me | MiH | MeG 
Protected north slopes.| 10.4 | 35.3 | 25.8 | 0.1 | 51.2 | 7.0 | 45.8 | 3.3 
Open north slopes.....| 25.2 | 42.3 | 34.5 | 0.9 | 34.9 | 8.8 | 30.9 | 1.4 
Protected south slopes.| 85.6 | 27.5 | 24.4 | 1.6 | 48.7 3.1 | 46.8 | 1.3 
Open south slopes.....| 87.1 | 45.9 | 23.4 | 4.5 | 62.1] 0.8 | 60.1 | 0.3 
Protected north slopes 
Boitom. . ..e.-+] 9.6 | 26.7 | 27.5 | 0.0) 54.0 | 10.0 | 45.8 | 8.4 
Middle... . 21.6 | 44.2 | 23.8] 0.1 | 59.2] 6.5 | 54.8 | 2.9 
SE .| 33.9 | 33.6 | 26.5 | 0.1 | 43.1 6.5 | 38.7 | 1.7 
Open south slopes | | 
Bottom 71.8 | 28.2 | 21.8 | 7.0] 53.2] 1.6] 51.4| 0.9 
Middle. . .| 87.5 | 44.9 | 28.0] 3.7 | 57.3 | 0.4 | 56.4 | 0.2 
Top.. | 89.6 57.4 | 21.3 | 4.6 | 68.0 | 0.9 | 64.8] 0.1 























* Index values from Table 15. 


patterns were by no means linear, relative cover of 
hemieryptophytes and geophytes showed more or less 
reverse trends with values for hemicryptophytes 
greatest on xeric sites and those for geophytes greatest 
on more mesic sites. 

Herbaceous leaf-size classes also showed variations 
in relation to shitts in microclimate (Table 16). Rel- 
ative coverage of herbaceous leptophylls and micro- 
phylls increased with higher Index values whereas rel- 
ative coverage of herbaceous mesophylls was greatest 
in sites with lower Index values. These changes were 
evident both in data from the grouped plots and in 
data showing variation with slope position. Again, 
although the relationships were not linear, the trends 
and the variations at the extremes were clear. 

In summarizing, there was a trend toward a lower 
relative coverage of geophytes and herbaceous plants 
with mesophylls as microclimates became more xeric. 
Hemicryptophytes and plants with leptopbylls and 
microphylls increased in relative coverage as micro- 
climates became more xeric. 

These generalizations are shown by the fact that 
relative coverage of geophytes with mesophylls de- 
creased in xeric microclimates (Table 16). Relative 
coverage of microphyllous hemicryptophytes showed 
a reverse trend, increasing on xerie sites. These vari- 
ations ‘showed less irregularity than did relationships 
between Index values and entire life-form or leaf- 
size classes. 

Data as yet undiseussed suggest another approach 
which is of interest not only in this study but also on 
a wider basis within the deciduous forest formation. 
In southeastern Michigan and nearby areas, mesic 
forests (usually the Beech-Maple type) are char- 
acterized by an herbaceous stratum in which the hemi- 
eryptophyte and geophyte life-forms are of almost 
equal importance. In the most mesic situations this 
equality may be demonstrated on a species-presence 
basis whereas on a coverage basis geophytes may out- 
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rank hemicryptophytes in ‘-aportance, particularly 
in spring. The more xeri¢ environments (Oak-Hick- 
ory woodlands, for example) have a much greater 
number of hemicryptophytes with geophytes con- 
stituting a minor portion of the vegetation. These 
generalizations are supported by life-form spectra 
from several regional forest communities (Table 17) 
which show a progression in presence-based spectra 
from an approximate 1:1 ratio of hemicryptophytes 
to geophytes in the Beech-Maple forest to a ratio of 
about 5:1 in the Oak-Hickory stand. Frequency- 
based spectra from the same communities showed 
similar trends. 


TABLE 17. Presence-based life-form spectra for field- 
layer vegetation from various communities showing varia- 
tion in hemieryptophyte:geophyte ratio. 


























= \H/G| 
Community and location | Ph | Ch | H G | Th Iratio| Author 
Beech-Maple....... ae lhe * |50.0/40.6| 9 4]1.28 Esten, 1932 
Turkey Run, Ind. | 
Beech-Maple...... ...|42.9) 1.4 28.6/22.9 4.31.25) Cain, 1935 
Warrens Woods, Mich. 
Maple-Beech... . . 26.6) 0.0 40.0/30.0 nae Cain & Castro, 1959 
Haven Hill, Mich. | } | 
Oak-Hickory-Maple...... * | * 154.6/36.4| 9. 1.80 Cooper, unpbl. 
Ann Arbor, Mich. te 
Oak-Hickory.............|28.2| 1.8 se es 4.6|5.20] Cooper, 1958 
George Reserve, Mich. | | | | | 
| | | | 





* Not sampled. 


An example of succession in the deciduous forest 
region, from grassy fields to the Aceretum climax in 
the St. Lawrence lowland (Dansereau 1957), reveals 
a similar pattern. Here, the hemicryptophyte: geo- - 
phyte ratio decreased from 11.9 in the xerie econ- 
solidation Poaetum, to 7.0 in the Solidaginetum, 2.0 
in the Betuletum, and 1.1 in the sugar maple climax 
forest. It is interesting to note that the Aceretum 
saccharophori tsugosum quasiclimax, which has a 
slightly lower hemicryptophyte:geophyte ratio than 
the climax, is characterized by Dansereau as having 
narrower extremes of temperature and humidity than 
the climax. 

Data adapted from Potzger & Friesner (1940) 
showed shifts in relative importance of hemicrypto- 
phytes and geophytes on a seasonal basis in studies 
of the spring, summer and fall aspects of Beech- 
Maple and Oak-Hickory forests in southern Indiana. 
In the Beech-Maple woods, the hemicryptophyte: 
geophyte ratio increased from 1.1 in spring, to 3.3 
in summer, and 2.7 in fall. In the Oak-Hickory 
woods, the ratio was 2.7 in spring, 4.6 in summer, 
and 4.8 in fall. Thus, hemicryptophytes were 2.5 
times as important as geophytes, even in spring, in 
the drier Oak-Hickory forest. 

From these data it appears that in the field layers | 
of the most mesophytic deciduous hardwood stands, 
geophytes are of equal or greater importance than | 
hemicryptophytes. As the environment becomes more 
xeric hemieryptophytes become increasingly dominant ' 
elements of the vegetation. 
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The data at hand offered an opportunity to test 
the ratio of hemicryptophytes to geophytes (H/G 
ratio) against known microclimatic data. When aver- 
age H/G cover ratios from the 4 groups of slopes 
were plotted against Index values from the scattered 
stations (Fig. 16), the relationships were not partic- 
ularly close. There was an overall inerease in the 
ratio from 1.65 on protected north slopes to 2.13 
on open south slopes, but the other slopes showed 
lower ratios. Average ratios from the top, middle, 
and bottom of protected north slopes and open south 
slopes, plotted against Index values from the main 
station, showed a similar relationship at the ex- 
tremes. The ratio was 0.97 at the bottom of pro- 
tected north slopes, and 2.69 at the top of open 
south slopes. There was considerable variation be- 
tween. In general, however, on north slopes geophyte 
cover values more closely approximated those of 
hemicryptophytes. On south slopes, hemicryptophytes 
were of greater relative importance. 

The importance of microphylls on south slopes and 
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Fig. 16. Relationship between Microenvironmental In- 


dex and hemicryptophyte:geophyte ratio on protected 
and open north and south slopes and at top, middle, and 
bottom of protected north and open south slopes. Index 
values from Table 15, 
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of mesophylls on north slopes suggested a refinement 
of the H/G ratio, termed the microphyllous hemi- 
cryptophyte :mesophyllous geophyte ratio. When this 
ratio was plotted against Index values the results 
were more clear-cut (Fig. 17). Average values from 
the grouped slopes increased from 22.7 on protected 
north slopes to 756 on open south slopes. Values at 
the bottom of protected north slopes averaged 41.6, 
increasing up the slopes to a maximum value of 844 
at the top of open south slopes. Thus, broad-leaved 
geophytes were of great importance on mesic north 
slopes and smaller-leaved hemicryptophytes increased 
greatly in importance on the more xeric south slopes. 


DISCUSSION 
This study has shown that there are correlations 
between the distribution and importance of certain 
Raunkiaerian life-forms and small variations in local 
climate just as there are correlations between life- 
forms and the major climatie zones of the earth. 
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dex and microphyllous hemicryptophyte :mesophyllous 
geophyte ratio on protected and open nerth and south 
slopes and at top, middle, and bottom of protected north 
and open south slopes. Index values from Table 15. 
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Fhe differences in life-form distribution in the Big 
Woods appeared to be less (both qualitatively and 
quantitatively) than might be expected in other types 
of vegetation and situations. The marginal site 
qualities and history of disturbance prevailing 
throughout most of the George Reserve combined to 
limit the development of a rich deciduous forest 
flora: It would be anticipated that similar studies 
elsewhere, particularly in undisturbed mesophytic 
forest areas, would reveal greater contrasts than 
those reported here. 

‘The microclimatic data of this study emphasize the 
importance of topography as a factor in producing 
variations in forest “trunk space” microclimates. In 
general, the microclimates of the trunk space on north 
slopes were similar to those reported for dense or 
mature forests whereas comparable microclimates on 
sith slopes resembled those of than forests or open 
areas. These conclusions agree with those of Cantlon 
(1953) and the conclusions of similar studies (for 
which see Cantlon). 

During most of the growing season the denser 
canopy,and angle of slope combine to allow less solar 
radiation-{as indicated by light regimes) to penetrate 
to the forest floor on north slopes. Only during early 
spring and the first weeks of late spring is the forest 
floor the active meteorological surface. The grestest 
daily and weekly ranges of temperature on north 
slopes oceur during this period. These conditions 
are similar to those deseribed for a dense Ohio beech 
forest, (Christy 1952), for mesophytie forests in 
coves at Neotoma (Wolfe et al. 1949), and for oak- 
hickory forest in New Jersey (Sparkes & Buell 
1955). 

In contrast, south slopes received greater amounts of 
solar radiation throughout the entire growing season. 
Except in heavy shade, temperature stratification was, 
depending on the density of canopy, a weak to strong 
version of the incoming radiation type (Geiger 1957). 
Annual maxima here agreed more closely with maxima 
in the macroclimate as was shown for thin oak forests 
on southwest-facing slopes at Neotoma (Wolfe et al. 
1949). 

The data also show the more favorable moisturé 
relations of the trunk-space climate on north slopes. 
The higher solar radiation and temperature conditions 
produce evaporation rates on south slopes roughly 
50% greater than those on north slopes. Potzger 
(1939) found a comparable situation on a ridge in 
Indiana. The percentage reduction of evaporation 
on north slopes found in this study approaches the 
difference between evaporation in forested and open 
areas (Kucera 1954, Selleck & Schuppert 1957). 

_ ‘Soil moisture values fluctuated less and did not fall 
as low on north slopes as on south slopes. Cantlon 
(1953) suggested that this was true for the north 
slope he studied in New Jersey. Recently, Gilbert & 
Wolfe (1959) have shown that soil moisture values 
on. lower northeast-facing slopes under mixed meso- 
phytie forest do not fall as close to the permanent 
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wilting point during summer droughts as do soils of 

southwest-facing slopes under mixed oak forest. 

In view of the great microclimatie differences be- 
tween the slopes the large differences in vegetation 
are not surprising. A comparison of these differences: 
with those reported in other studies of the relations 
between life-forms and microclimate reveals certain 
sinilarities and differences. 

Oosting (1942) and Cantlon (1953) showed that 
on the Piedmont of North Carolina and New Jersey 
phanerophytes and geophytes were more important 
elements of north slope floras as opposed to those of 
south slopes which were characterized by greater 
numbers of hemicryptophytes and therophytes. These 
conditions generally were true of the Big Woods on 
the George Reserve. Phanerophytes showed a greater 
dominance, both of the flora and vegetation, on north 
slopes whereas hemicryptophytes behaved similarly 
on south slopes. However, the studies of Oosting and 
of Cantlon dealt with the entire floras of the slopes 
and did not segregate the species by strata. In this 
study a treatment by strata showed that although 
meso- and megaphanerophytes had greater total cover 
values on north slopes their reproduction in the field 
layer was greater on south slopes. 

On a world basis phanerophytes decrease in domi- 
nance with increasing climatic severity (generally ex- 
tremes of temperature). This fact has been extended 
to the microclimatie level by Miller & Buell (1956) 
who concluded that in temperate regions a domi- 
nance of phanerophytes indicates a climate more “con- 
genial” (showing less variation in extremes) for plant 
growth. The George Reserve data indicate that this 
is true only when the total vegetation of the slopes is 
considered. If the coverage of phanerophytes in 
the field layer of south slopes is compared with that 
of north slopes it might be concluded that the south 
slope microclimate was less variable in its extremes 
and thus was more favorable for plant growth. Such 
a conclusion is not warranted on the basis of the 
microclimatic data. Thus, statements that a domi- 
nance of phanerophytes indicates a microclimate with 
less variable extremes apparently are valid only in 
terms of the entire vegetation and not in terms of 
its component strata. 

On a relative basis geophytes were more dominant 
on north slopes on the George Reserve. This fact 
is in agreement with the findings of Oosting (1942) 
and Cantlon (1953). However, Miller & Buell (1956) 
found thet geophytes, on a coverage basis, were more 
important on south slopes near the prairie border 
region in Minnesota. They found this to be in accord 
with Raunkiaer’s original hypothesis ascribing domi- 
nance of more-protected life-forms to thosé areas 
with the greatest climatic severity. . There. is a direct 
contradiction between these findings and those of the 
present study and of Oosting and Cantlon. In the 
deciduous forest region geophytes are more abundant 
(and dominant) in mesophytie forests characterized 
by greatly-moderated climatic extremes, whereas they 
are apparently more abundant on southwest-facing 
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slopes characterized by wide climatic extremes near 
the prairie-border region. Furthermore, it is interest- 
ing that there should be a greater geophyte dominance 
on southwest-facing slopes when, as Miller & Buell 
point out, such slopes immediately to the west show 
floristic and vegetational affinities to the hemicrypto- 
phytic grasslands lying even further west. 

These problems emphasize the need for intensive 
regional studies of life-form behavior. They also em- 
phasize the potential danger in generalizing about 
life-form behavior in relation to microclimate from a 
limited number of slope samples. The variability of 
the data encountered in this study of 16 slopes in- 
dicates that before meaningful generalizations can be 
made an larger series of slopes should be 
sampled. 

This study also shows the need for quantitative 
data in the evaluation of localized variations in life- 
form behavior. Few, if any, of the correlations 
presented can be made on the basis of species pres- 
ence alone. The limited nature of the demonstrated 
changes emphasizes the desirability of quantitative 
evaluation of the importance of a particular life- 
form in a given situation and the potential usefulness 
of statistical analyses for determining the validity of 
apparent trends. 
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SUMMARY 

A study of the relationships between Raunkiaerian 
plant life-forms and microclimate on north and south 
slopes in the Big Woods of the George Reserve in 
southeastern Michigan was conducted during 1957. 

Microclimatie instrumentation was carried out on 
3 north and 3 south slopes (“scattered stations”) and 
at the top, middle, and bottom of the north- and south- 
facing sides of a hogback (“main station’) in the 
Big Woods of the Reserve. Light intensity, air 
temperature, wind movement, evaporation, and _ soil 
temperature and moisture were sampled. Vegetational 
data were obtained from a series of 16 sample plots 
placed on well-expressed slopes which deviated not 
more than 20° from true north or south. 

Relative light intensity was greatest on south slopes 
and intensities generally diminished downslope. Av- 
erage air temperature was highest on south slopes and, 
except during early summer, average temperatures on 
south slopes increased toward the ground. On north 
slopes, maximum air temperatures and the greatest 
ranges in maxima dceurred during the first weeks 
of late spring. On south slopes, maxima rose to a 
late spring peak, leveled off, and continued to rise 
to an annual mid-summer maximum. Summer maxi- 


mum temperature ranges were greatest on south 
slopes. Minimum air temperatures showed less varia- 


tion than maxima. During spring, minima were lower 
on north slopes and the greatest growing season range 
in minima at all stations oceurred during spring. In 
summer, minima were similar on both slopes. Air 
movement was greatest at slope tops and diminished 
downslope. At times, air movement limited u« velop- 
ment of the incoming radiation type. -Evapo..tion 
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was greatest at the top of the south slope and Jeast 
at the bottom of the north slope. Soil temperatures 
were higher on south slopes throughout the growing 
season, with differences greatest in early spring. 
Annual maxima on both slopes were recorded in mid- 
summer. Differences between the slopes were least 
in late summer and fall. In winter, snow cover 
limited soil temperature fluctuations on north slopes 
but was seldom of any duration on south slopes. 
North slopes had higher soil moisture values than 
south slopes. Moisture was abundant on both slopes 
in spring but mid-summer and fall were seasons of 
soil moisture stress. On south slopes eyeles of wetting 
and drying marked periods of adequate soil moisture 
whereas on north slopes these cycles were not as 
evident. 

In summary, the microclimates of the slopes varied 
from a cool, moist (mesic) extreme at the bottom of 
north slopes to a warm, dry (xeric) extreme at the 
top of south slopes. Microclimatie conditions on 
north slopes resembled those of well-developed forests 
whereas those on south slopes were more similar to 
the microclimates of exposed areas. 

The biological spectrum of the George Reserve was 
predominantly hemicryptophytic. Within the entire 
slope vegetation there was a greater phanerophyte 
cover on north slopes and hemieryptophyte cover on 
south slopes. In the field layer only, there was greater 
phanerophyte and hemicryptophyte cover on south 
slopes. There was a greater cover and basal area of 
meso- and megaphanerophytes on north slopes and a 
greater cover of microphanerophytes on north slopes. 
Transgressive nanophanerophytes had greater cover 
values on south slopes. Protohemieryptophytes had 
greater cover on south slopes and rosette hemicrypto- 
phytes had greater cover on north slopes. Differentia- 
tion of plots into protected and exposed north and 
south slopes showed that within the field layer relative 
coverage of hemicryptophytes increased in situations 
where relative coverage of phanerophytes and geo- 
phytes decreased. 

The flora of the George Reserve was predominantly 
microphyllous. Within the slope vegetation there 
was greater leptophyll and microphyll cover on south 
slopes and greater mesophyll cover on north slopes. 
Within the field layer, leptophylls, microphylls, and 
mesophylls had greater cover on south slopes. How- 
ever, in the herbaceous element of the field layer 
mesophylls had more cover on north slopes whereas 
leptophylls and microphylls still had greater cover 
on south slopes. 

Correlations between life-form and microclimatic 
data were confined to the field-layer vegetation. A 
Microenvironmental Index, expressing the sum of 
the environmental characteristics of a given site, was 
used for correlation with vegetational data. Total 
field layer cover and relative cover of hemicrypto- 
phytes was greatest in xeric microenvironments. Rel- 
ative cover of geophytes was greatest in more mesic 
sites. Herbaceous leptophylls and microphylls -in- 
creased in relative cover in xeric sites whereas: her- 
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Data from deciduous forest communities suggested 
that a low hemicryptophyte:geophyte (H/G) ratio 
was characteristic of mesic sites and that this ratio 
inereases as the environment becomes more xeric. 
Comparison of the H/G ratio with Index values 
showed that, in general, low ratios were associated 
with mesic sites and high ratios with xeric sites. A 
similar, but closer, relationship was shown for the 
ratio of miecrophyllous hemicryptophytes to meso- 
phyllous geophytes. 

The microclimatic data obtained agree with those of 
other studies and emphasize the importance of topog- 
raphy as a factor producing variations in forest 
microclimates in that the microclimates of north slopes 
resembled those of mature forests whereas compara- 
ble microclimates on south slopes resembled those of 
thin forests or open areas. The life-form data are 
in agreement with those of other deciduous forest re- 
ports but disagree with an example from the prairie- 
deciduous forest transition. The data show the 
danger in generalizing concerning life-form and 
microclimate relations from limited numbers of slope 
samples. 
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INTRODUCTION 

This study represents an attempt to measure some 
of the major factors which affected the recruitment 
and mortality of a natural population of Balanus 
balanoides (L.) during a period of 2 2/3 years 
(1952-1955). Most emphasis was placed on the 
investigation of the effects of certain biological in- 
teractions such as intraspecific competition and 
predation by Thais lapillus L. (Nucella, Purpura; 
see Clench 1947 for synonymy). Other associated 
animals were studied, although in less detail; food 
and parasites were not studied. The size of the study 
area was purposely kept small in order to reduce 
the variability caused by differences in wave action, 
salinity, temperature, etc. Weather and tide records, 
however, afforded some information as to the effect of 
the physical factors of the environment. The results 
are presented as they occurred in the life of the 
barnacles, beginning with their attachment to the 
rock, 

Barnacles possess certain advantages for this sort 
of study. The survival of individuals can be deter- 
mined very accurately by simply mapping the posi- 
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tions of all the members of a group and then fol- 
lowing the same individuals by regular censuses. As 
Deevey (1947) has pointed out, this method is as 
accurate as that used with laboratory populations, 
and is much superior to those methods which use the 
age at death or the differences between the numbers 
of successive generations in a sample. Furthermore, 
field experimentation is facilitated by the small size of 
barnacles, their dense concentrations and intertidal 
location. 

I would like to express my thanks to C. M. Yonge 
for his advice and encouragement throughout this 
work. Other members of the Zoology Department of 
the University of Glasgow provided technical as- 
sistance and helpful discussions. My sincere thanks 
also go to the staff of the Marine Statio.., Millport, 
for their help and forbearance, during my stay there. 
T. B. Bagenal made observations of the study area 
after I had left and throughout the study provided 
many stimulating discussions. I would like also to 
thank Charles Elton and other members of the Bureau 
of Animal Population, Oxford, for much encourage- 
ment and enlightening discussion. E. W. Fager read 
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the complete manuscript and his suggestions, especi- 
ally on statistical matters, are gratefully acknowl- 
edged. Finally I wish to thank my wife for her con- 
stant encouragement and help. 


METHODS 

The area of study was located on the tip of 
Farland Point, Isle of Cumbrae, in tae Firth of 
Clyde, Scotland. The shoreline at this point faces 
south and consists of a series of ledges of Old Red 
sandstone, dipping downward to the west. These 
ereate a series of parallel ravines oriented at right 
angles to the shoreline. The east wall of each ravine 
has a slope of about 30° to the horizontal, while the 
west wall is almost vertical, varying in height from 2 
to 6 ft. In the ravines loose pieces of rock varying 
from a few inches to 3 ft in diameter occurred. Most 
of the smaller pieces were composed of bostonite, a 
harder basaltic rock derived from larger dikes in the 
vicinity. 

Detailed studies were made in three areas, located 
within a 50-ft stretch of this shore (Fig. 1). Area 1 
was located on the vertical west wall of a ravine. 
On this wall, which was about 6 ft high, study plots 
were located at four levels. At each level small 
squares, of about 25 cm? each and spaced a few 
inches apart, were marked by drilling shallow pits 
at the corners. The positions of all the barnacles 
in each square were mapped. At each level one or 
more of the squares was covered with a cage of 
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Sketch Map of the Study Area 
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Fig. 1. Sketch map of the study area with approximate 
euntours. Stones 7 and 8 are located on Area 1. 


stainless steel wire netting to protect the barnacles 
from predators. 

During the period of this study, moderately strong 
wave action was observed during gales each year, 
though probably extreme wave action, such as that on 
the shores exposed to the open Atlantic, does not 












































TABLE 1. Descriptions of the areas upon which the periodic censuses of Balanus balanoides were carried out. 
l | 
Area | Subdivisions of (Standard | Height in | % of time | Descriptions of the small areas at each level where the censuses 
No. the area | tidal feet, rela- | exposed /were made, with the names used for each in the text and figures. 
levels) tive to to air |The date of first census of each area is given; all were continued 
| M.T.U,. until June, 1955. 
a | (MHWS) +4.9 96 Jan. 1953: 3 adjacent squares, mixed Balanus and Chthamalus 
Top level +4.2 91 stellatus: each 25 cm.? 
High level | (MHWN) +3.1 79 July 1953: Only censuses of Thais were made at this level 
Upper level | +2.6 75 Nov. 1952: Cage 1, Cover, Control 1: each 29 em.” 
| Dec. 1953: Control 2, Cage 3: each 50 cm.? 
July 1954: Cage 2: 66 cm.” 
aa i 
Middle level +2.1 69 Nov. 1952: Cage 1, Cover, Control 1: each 29 cm.? 
and stones 7 April 1953: Stones 7 and 8: 5 to 6 em? 
and 8 Nov. 1953: Control 2, Cages 2, 3, 4: Control, 47 cm.?, Cages, 
92, 98 and 98 cm.?, respectively 
Lower level +1.5 63 Nov. 1952: Control 1 and Control 2:29 and 25 cm.? respectively 
Oct. 1953: Cage 1: 61 cm.” 
Feb. 1954: Control 3: 52 em.? 
2. Stones 3 and 4 +1.1 59 April 1953: 5 to 6 em.” 
Stones 1 and 2 —0.9 42 April 1953: 5 to 13 em.? 
3. Boulder 1 —0.9 42 June 1953: 25 em.? in 1953, 47 em.? in 1954-5 
Boulder 2 —0.9 42 June 1953: 25 cm. in 1953, 53 em.? in 1954-5 
Boulder 5 —1.8 35 July 1953: 50 cm.? 
Boulder 6 —1.9 34 July 1953: 50 em? 
(MLWN) —3.0 23 
(MLWS) —5.1 4 

















Nore: The areas of census on the stones were different in each settlement season; the sizes are included in the ranges given. 
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occur in the Clyde sea area. However, the alga 
Alaria esculenta (L.) Breve, an indieator of fairly 
strong wave exposure (Lewis 1954b), occurs only at 
this point on the Isle of Cumbrae. Ascophyllum 
nodosum (L.) Le Jol., an alga which does not thrive in 
wave-beaten areas, occurred only in the upper shel- 
tered parts of the ravines. Fucus spiralis (L.) and 
Fucus vesiculosus L. were the dominant large algae 
on Areas 1 and 2, Gigartina stellata {Stockh.) Batt. 
on Area 3. 

In addition to these squares which were mapped in 
situ, two flat stones of bostonite about 4 inches in 
diameter were fastened at the “middle” level, 2.1. feet 
above mid tide level; these were numbered 7 and 8 
(Table 1). They could be removed and replaced dur- 
ing the low tide interval and were used to follow the 
pattern of the spring settlement. All the squares 
and stones in the three lower levels of Area 1 were 
located in a space of about 1 m?. 

Area 2 consisted of two pairs of removable stones 
located in a ravine about 50 ft east of Area 1. One 
pair was fastened about 1 ft above mid tide level, 
the other about a foot below, further down the ravine. 
Although both members of a pair were at the same 
level, one was fastened to the sloping east side of the 
ravine so that it faced upward, while the other mem- 
ber was fastened underneath an overhanging ledge on 
the west side so that it faced downward. In the 
lower pair, stone 1 faced down, stone 2 up; in the 
higher pair, stone 3 faced down, stone 4 up. All 
these stones were similar in size and composition to 
those attached to Area 1. 

Area 3 consisted of four boulders, each about 3 ft 
in diameter, situated in the lower part of the same 
large ravine in which Area 1 was located. The rel- 
ative heights are given in Table 1. Squares were 
mapped on the sloping tops of these boulders. A 
few counts and experiments were made on other rocks 
in the same area; these will be described as necessary. 

The three areas spanned almost the entire intertidal 
distribution of Balanus balanoides. Only scattered 
individuals occurred above the highest level of Area 1, 
and below the lowest boulder of Area 3. 

The stones and cages were fastened to the rock by 
means of a stainless steel screw inserted in a plastic 
tube, sold as a serew anchor, which was fitted into a 
1” deep hole, 1/4 inch in diameter, drilled into the 
rock. One such serew with suitable stainless steel 
and plastic washers was enough to hold a small stone 
These remained in place for over 
The cages were made from 


or cage in place. 
two years with no losses. 
stainless steel wire netting, No. 22 gauge wire, eight 
meshes to the inch; this netting has an open area of 
60%. They consisted of a floorless enclosure about 
6 x 6 inches, with walls about 1 inch high, so that 
the roof was well above the barnacles. In two in- 
stances, a piece of netting was stretched out from the 
side of a cage as a roof over an area of barnacles, 
but with no sides. This was done in an effort to 
create a physical environment similar to that in the 
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cage, yet allowing access to predatory whelks; these 
were termed “covers.” 

The surface area used to calculate the population 
densities given in this study was that of the rock 
surface projected on to a plane surface. The popu- 
lation density of the youngest age group was ecaleu- 
lated on the basis of the “available area” for that 
group; ie., the area of free rock surface unoccupied 
by older barnacles. 

Initially, the mapping of each square was done on 
graph paper, a grid of threads of 1 em? opening be- 
ing used as a guide on the rock surface. Later a 
more efficient method using a piece of thin 
(lantern slide cover glass) was developed. The glass 
was held over the barnacles and their positions were 
marked directly on it with glass-marking ink. <A 
paper copy was made from this so that notes could 
be made after each census. For the first six months 
after settlement, the individual barnacles were not 
mapped, but successive counts were made on a small 
portion of each area. Yellow water color paint was 
used as an aid to avoid duplication in counting; it 
washed off during the next few high tides. 

In the first census, November 1952, every individual 
was mapped, and the settlement of that year, then six 
months old, was distinguished from the rest. It was 
possible to distinguish these from the older year 
groups by their smaller average size and the ap- 
pearance of the shell. Above mid tide level, barnacles 
aged 6 months had quite thin shells and the upper 
edges of the wall plates or parieties were still un- 
eroded ; the surface was fairly smooth and white. The 
previous year group, then aged 114 years, had under- 
gone much erosion so that the upper edges of the 
shell were thick and rounded, no new shell having 
been added there. (Growth in the compartments of 
a barnacle, according to Darwin (1854), occurs only 
along the basal and lateral edges of each wall plate: 
erosion of the top edge is not replaced.) The surface 
was darker and often pitted in these older individuals, 
probably due to boring algae (Parke & Moore 1935). 

The differences in appearance were more reliable 
than size in separating the youngest age group from 
all the rest, since there was generally some overlap 
in the size range at this time. This overlap was noted 
in measurements made from photographs of the 
plotted squares which had been under observation for 
two years; two year classes had settled in this period 
and at the time of the photograph were 6 and 18 
months old, respectively. The same sort of overlap 
in the extremes of size in the 6 and 18 month age 
groups was evident in some data kindly provided by 
Mr. H. T. Powell, from the study of growth rate 
published in Barnes & Powell (1953). An additional 
check was provided by the fact that the largest 6 
months old barnacles were the most different from the 
18 month group in general appearance. Besides hav- 
ing smooth thin shells, these fast growing individuals 
had increased their basal area faster than their 
opercular opening, resulting in a low barnacle with 
a proportionally smaller opereular opening. 


glass 








64 


No reliable way of distinguishing the various year 
groups of age 144 years and older was found. 
Kuznetzov & Matveeva (1949) state that barnacles 
from the Arctic coast of Russia have definite annual 
growth rings. Such rings were not obvious at Mill- 
port, perhaps because the seasonal variations in 
climate were not so great as in Russia. 

Copies of the original data of this study have been 
placed in the Bureau of Animal Population, Depart- 
ment of Zoological Field Studies, University of Ox- 
ford, Oxford, England. 

Abbreviations for the intertidal shore levels used 
in this paper are as follows: 


MHWS: Mean high water of spring tides. 
MHWN: Mean high water of neap tides. 
MTL: Mean or Mid tide level. 

MLWN: Mean low water of neap tides. 
MLWS: Mean low water of spring tides. 


The absolute heights and the percentage of the time in 
which these levels are exposed to the air are given in 


Table 1. 


SETTLEMENT 


METHODS 

To determine both the rate of attachment and the 
mortality during the settlement season, the fate of 
individual cyprids was followed. On each detachable 
stone, one small area was examined daily and the posi- 
tions of the newly settled cyprids were mapped. At 
every other low tide the stones (from Areas 1 and 2: 
see Table 1) were brought into the laboratory and 
examined with a dissecting m*zroscope. A glass slide 
rulea with a grid was placed over a marked area of 
the stone and all changes, such as new attachments, 
losses, and metamorphoses were marked on an en- 
larged map of the area. 

The stones were always returned to the shore before 
the tide rose again and when in the laboratory were 
kept outside on a window ledge, except during the 
brief period when they were being examined. Thus 
the conditions were little different from those during 
a normal low tide. That this treatment did not 
markedly increase the mortality can be seen from the 
records of Stone 3, which was subjected to the same 
amount of handling as the other stones. This stone 
evidently was in a protected place on the shore since 
the cyprid mortality between attachment and meta- 
morphosis during the 1953 and 1954 settlement periods 
was only 5%. Some of this mortality probably oe- 
eurred on the shore, so that the amount resulting 
from the examinations in the laboratory must have 
been small. 

After the position of a eyprid had been plotted it 
was assigned a grid number and records of its meta- 
morphosis and/or death were kept. The fate of about 
8,000 individuals was followed in this manner over 
three seasons. 

There are several possible sources of error in this 
method: (1) if any cyprids had been clinging tem- 
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porarily to the surface between tides instead of being 
permanently attached, their absence at the next ex- 
amination would have been erroneously recorded as 
mortality; (2) some cyprids may have attached and 
been killed between successive examinations without. 
a record having been made; and (3) eyprids, having 
cemented themselves down, might be detached and then 
reattach themselves elsewhere. Evidence that tempor- 
ary clinging occurred only very rarely was obtained 
during the last two seasons by picking the eyprids off 
an area of 4 cm’ on each stone with a needle. Fewer 
than 1% were not cemented down, and these were 
usually recognizable by their position, lying on the 
side. The loss of cyprids between examinations seems 
likely to have been small, since many eyprids did 
not become detached from the rock for several days 
after their death. A later study of this species at 
Woods Hole, Massachusetts, showed that if attached 
cyprids were removed and placed in dishes of sea- 
water, they could metamorphose and become reat- 
tached. The possibility of this occurring in the 
turbulent water of the intertidal area is small, how- 
ever, since the antennules by which the initial at- 
tachment is effected would be encased in a mass 0 
dried cement. 

During the first two settlement seasons individuals 
were followed on all six stones. In 1955 such records 
were only made on stones 7 and 8; on the other four, 
daily counts of small areas were made, but the eyprids 
were not followed individually. 

The stones were kept in the same positions on the 
shore for the three seasons. Some of the individuals 
of the 1953 year group were still present at the 
beginning of the 1954 season so that at this time 
a small area on each stone adjacent to that followed 
in 1953 was cleared for observation. A third area 
was cleared in 1955. Thus the 1953 and 1954 year 
groups were followed without disturbance until June 
1955. The disadvantage of this procedure was that 
the adjacent areas followed each year may have 
differed slightly in surface contour. Only on stone 
1 was the same area ased in consecutive years, 1953 
and 1954; this was possible since the 1953 year group 
disappeared completely during its first winter on this 
stone. 


THE PATTERN OF SETTLEMENT 

Fig. 2 shows the numbers of attached eyprid larvae 
and metamorphosed barnacles as they accumulated 
on each stone in each settlement season studied. In 
all cases the pattern is similar; an initial period of 
low and slightly increasing rate of attachment, fol- 
lowed by a period of 5 days or so in which the rate 
of attachment was high and finally a return to a low 
rate approaching zero. This sort of pattern might 
be expected to result if there were individual vari- 
ations in speed of development of the nauplii in the 
plankton following a sudden massive liberation of 
larvae. A few fast-developing larvae would be the 
first to arrive, followed by the great bulk of those 
which had developed at the average rate and the 
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Fig. 2. Settlement pattern of Balanus balanoides on the same stones in three seasons at three levels. 


The density represents all living attached cyprid larvae and metamorphosed barnacles. 


attachment rate would decline as tuc slowest-develop- 
ing larvae arrived. 

Another explanation of the gradual increase in rate 
of settlement has been suggested by Knight-Jones & 
Crisp (1953). They pointed out that if previously 
settled eyprids stimulate others to settle, (as shown 
by Knight-Jones 1953), the rate of settlement would 
be proportional to the numbers already attached. No 
actual data were given although the authors stated 
that they had repeatedly witnessed such «a phenom- 
enon. A decision between the two explanations can- 
not be made on the basis of information obtained in 
the present study. 

The gradual decrease in settlement rate as the 
maximum density is approached might also be ex- 
plained by a gradual diminution in numbers of larvae 
in the plankton. However, a decrease in settlement 
rate occurred on stone 1 in 1953 long before the 
number of planktonic larvae available for settlement 
had decreased. This is shown in the curves for 1953 
in Fig. 2, where the maximum rate of settlement on 
stones 7 and 8 occurred after April 20, at a time 
when very few individuals were attaching to stone 1 
which had reached its maximum density a week be- 
fore. 

This was investigated during the settlement seasons 
of 1954 and 1955 by picking the cyprids off small 
areas of each stone at each examination. In 1954, 
the settlement on all the stones had reached the 
maximum by about May 10. After this time the 
rate on the natural areas dropped to less than one 
eyprid attaching per em? per tide. On the cleared 
areas the rates stayed above 4 eyprids/em*/tide until 
May 25. In 1955, the same thing was observed on 


Stones 7 and 8; the rate on the undisturbed areas ap- 
proached 0 after May 1, while that on the cleared 
areas stayed above 3 until May 11. In most instanees, 
the rates of settlement on the cleared areas were much 
higher than those observed on the undisturbed ones 
(in 1954, the highest average rates for the 6 stones 
were: undisturbed, 4.5 cyprids/em?/tide; cleared, 9.9 
eyprids/em?/tide). This difference may have been 
due to the presence of body fluids and bits of cement 
left behind in the process of clearing. These have 
been shown to stimulate settling (Knight-Jones 1953). 
The rates from the two types of treatment are not, 
therefore, comparable. But the fact that the rates of 
settlement did not decrease appreciably on the cleared 
areas until long after the rates on the natural areas 
were approximately 0 indicates that cyprids - were 
available in great numbers in the plankton and that 
the cessation of settlement shown in the upper parts 
of the curves in Fig. 2 was not due to an inadequate 
supply of larvae. 

Chipperfield (1948) counted the accumulating 
settlement of Balanus balanoides on pier piles at 
Liverpool, and also on Perten shells exposed at in- 
tervals to study the variations in intensity of settle- 
ment. These counts showed that after the settlement 
had stopped at all levels on the piles it continued on 
unoccupied shells placed out later. A similar pattern 
of accumulation of Bacteria and Protista on plates ex- 
posed to the sea is given on page 42 of “Marine Foul- 


ing and its Prevention,” Woods Hole Oceanographic 
Iustitution (1952). 
natural populations undergoing sigmoid growth are 


given in Allee et al. (1949). 


Other examples of laboratory and 
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OBSERVATIONS OF THE BEHAVIOR OF ATTACHING 
CYPRIDS 

The first eyprids attached in the hollows and con- 
eave portions of the surface. An analysis of two 
small portions of Stone 7 in the 1955 settlement sea- 
son is given in Fig. 3. The settlement began earlier 
on the coneave portion and in the first main period 
of cyprid abundance it became almost fully occupied. 
On the convex portion the settlement became dense 
only during the second increase in the numbers of 
planktonie eyprids. The cyprids evidently attached 
to the convexities only after the hollows were filled. 
This preference of cyprids for grooves and depres- 
sions in the surface has been often noted in the 
literature on barnacles and Crisp & Barnes (1954) 
have described it in detail. 
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Fig. 3. The settlement of Balanus balanoides on two 


small areas about 5 em. apart on stone 7 in 1955. The 
concave area hollow adjacent to some adults; 
the convex one was on a smooth raised area. 


was a 


Some information was gathered concerning the 
amount of space needed by a cyprid to effect settle- 
ment and the reasons for avoiding densely occupied 
surfaces. It was noted frequently in the plotted areas 
that at high population densities the loss of an in- 
dividual was usually followed by a new attachment on 
the same spot, usually in the next few days. The 
searching cyprid may have been attracted by some 
substance left behind by the damaged individual, or 
may have detected the open space on the otherwise 
occupied surface. Underwater, a densely occupied 
area is covered by a mass of beating cirri which prob- 
ably would make searching rather difficult. 

To test whether cirral activity keeps cyprids from 
attaching to densely occupied surfaces, the following 
observations were made. A surface at mid tide 
level was scraped clean during the 1954 settlement 
season. At each subsequent examination the cyprids 
or newly metamorphosed barnacles on one portion of 
the area were killed with a needle but not removed 
The attachment cement held them in place. This 
created an area of occupied surface having no cirral 
activity. Another part of the area was kept clear 
by picking off the cyprids, while on the final part 
living barnacles were allowed to accumulate. After 


about two weeks the settlement had stopped on the 
two oceupied areas bearing either living or dead in- 
dividuals but continued on the cleared area. 
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It appears that a bare space on a suitable sur- 
face, even though it is only the size of a newly 
metamorphosed barnacle, is the only requirement for 
a cyprid to attach. Prompt replacement of a missing 
individual in dense settlements of living barnacles 
indicates that the surface must be constantly searched, 
despite cirral activity. 


VARIATIONS IN SETTLEMENT 

Variation in rate of settlement on closely adjacent 
areas. To gain information on possible variations 
in settlement rates in apparently similar situations, 
the records of the areas cleared on the stones at each 
examination were analyzed. On each pair of stones 
at the same level each day’s counts were compared 
separately, as a “matched pair” of values. By doing 
this, daily variations in the numbers ef cyprids in 
the plankton would not affect the comparison. The 
data were analyzed by the Wilcoxon matched-pairs 
iest (Siegel 1956). The results are shown in Table 
2. Of the six comparisons, significant local variation 
occurred in three. Variation occurred in both 1954 
and 1955 but on different pairs of stones in each 
year. 


TABLE 2. Comparison of the rates of settlement on ad- 
jacent areas cleared of cyprids at each examaination. 
Counts were made every 1-3 days in 1954, daily in 1955. 





























May 1-24, 1954 | Apri 2-May 2, 1955 
Peat eT SORES (hee Se <a SRLS eee 
, 
Height | No. of | No. of 
Stone from obser- | Average Set | Proba- | obser- | Average| Proba- 
No. L | vations |No/em?/Tide} bility | vations Set bility 
7 | 17 < o | 297 15.8 
42.1 | 001 | .316 
8 | 17 i en 27 | 15.5 
ae | et al Baa ——|- pe cal 
"ey 15 re] | 28 | 16.6 
41.1 OL | . 102 
{ 15 | ie. fom | 28 14.6 
Pages ee | | | . a inten 
1 | 14 5.3 28 16.1 
—0.9 | | 05 | 001 
2 es ae” ae ee ee ae 
| | | | | I 





Nore: The data were analyzed using the Wilcoxon matched-pairs test, Siegel 


Since the periods between observations were short, 
mortality on the shore would probably not account for 
the observed variation. Nor would it be expected that 
that patchiness in the distribution of larvae in the 
plankton would cause such variation between nearby 
surfaces. The most likely cause of local variability is 
a difference in surface contour between the two areas. 
A surface with slightly more irregularity, with more 
grooves and hollows, would be more attractive to 
searching cyprids than a smoother surface. It is also 
possible that such irregularities of the surface may 
have resulted in the two squares of the pair being 
of slightly different surfaces area. Kach square meas- 
ured 2 x 2 em, but the actual area was 
impossible to measure accurately. It was taken as 
4 em? in all cases, so that a difference in surface con- 
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tour of the two stones would cause an error. In the 
present instance this error is judged to be of much 
lesser significance than the former reason, in bringing 
about the observed differences. 

Differences in settlement between shore levels. As 
seen in Table 2, differences occurred in the rates of 
settlement between shore levels on the stones. An 
analysis of variance was made of this data, between 
and within levels, and a significantly greater difference 
(p = .05) was found between the levels. However, 
the difference in positions of areas 1 and 2 might have 
created differences other than those due to shore level 
alone. 

On areas of the shore other than the stones, much 
greater variations in settlement at different levels 
were observed as follows. On May 3, 1954, when the 
density of new settlement on the stones had reached 
about 35/em? and the adjacent areas were moderately 
settled, it was noticed that only a very few cyprids 
were present on the boulders of area 3. (These 
boulders had been bare of barnacles since winter, as 
will be described later). The first metamorphosed 
barnacles appeared on these boulders on May 6, 
and by May 16 the densities were 16 to 20/cm?. 

The delayed settlement on these bare areas at a 
lower level may be explained in several ways. The 
effect of surface texture must be ruled out, since 
the boulders were composed of the same type of rock 
as existed higher up. The most likely explanation for 
this delay in settlement on large bare surfaces is one 
based on the work of Knight-Jones (1953). He has 
shown that larvae of this species and of other sessile 
marine animals are stimulated to settle by the presence 
of individuals of their own species. In the situation 
outlined above, the cyprids attached first to the areas 
where members of the previous year groups had per- 
sisted. Once the space there had become occupied 
they began to colonize the other surfaces. Barnes 
& Powell (1953) have suggested that settlement is 
stimulated by the draining away of thin films of 
water, such as occurs when the tide rises or falls past 
a surface; this would occur more often between neap 
tide limits than above or below. This would not be 
an alternate explanation for the delay in settlement 
on Area 3, however, since this area is above MLWN, 
and so was crossed by the same number of tides as the 
areas near MTL. 

Other authors have observed differences in the 
density of settlement of Balanus balanoides at various 
shore levels. Fischer-Piette (1932) found the greatest 
set at low water. Moore (1935b, 1936a) also found 
the greatest numbers at low water in most localities, 
but not invariably, a few having the highest density 
at MTL. Hatton (1938) found that at three locations 
in two years, the greatest densities were at MTL 
three times and at LWN three times. 

Rice (1935), at Friday Harbor, Washington, 
counted the settlement density of three species of 
barnacles. For Balanus cariosus (Pallas) the number 
of adults was greatest at MTL, as was the settlement. 
Balanus glandula Darwin, with no adults present, 
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settled rather evenly, with slightly more at LWN. 
Chthamalus dalli Pilsbry, with only a few adults 
present, had equal densities of spat at HWN and 
MTL and a lower density at LWN. 

Thus there does not appear to be any particular 
level at which the settlement density is maximum. 
It appears from the study of Rice (1935) that when 
adults are more abundant at one shore level, settle- 
ment is higher there. 

Variations in settlement within one season. In 
1954, a light set occurred in early April, obviously 
separate from the main settlement which began in late 





April (Fig. 2). In 1955, as shown in Fig. 3, two 
distinct maxima in the rate of settlement on the 


areas cleared daily occurred in the second and fourth 
weeks of April, respectively. 

Chipperfield (1948) found three maxima in inten- 
sity of settlement at Liverpool, spaced 16 and 12 days 
apart, two at times of spring tides, one at neaps. 
Pyefinch (1948b), sampling from a pier during the 
1947 season at Millport, found that the proportion of 
total larvae represented by each larval stage varied 
in a regular manner. Each stage showed three 
maxima, spaced 15 and 18 days apart. Although his 
method of collection was not sufficiently quantitative 
to give accurate estimates of population density, it 
is probably adequate for estimates of the relative 
proportions of naupliar stages, especially of the older 
ones. 

These variations probably reflect not the variable be- 
havior of planktonic larvae but successive liberations 
of nauplii from the parent stock. Crisp & Davies 
(1955) have shown that the same individual of Elmini- 
us modestus Darwin may produce several successive 
broods in one season. The evidence for Balanus 
balanoides is that each individual produces only one 
brood per year. Pyefinch (1948b) at Millport and 
Bousfield (1954) in Eastern Canada examined adults 
before and after the larvae first appeared in the 
plankton. They found that only part of the popula- 
tion had released their larvae in the first liberation. 

Variation in the sizes of cyprids settling early 
and late in the settlement season. In 1954, the eyprids 
which attached in the second week of the settlement 
season appeared to be much larger than those which 
had attached in the first week. Measurements of 
newly metamorphosed individuals, shown in Fig. 4, 
confirm this. The measurements of the individuals 
which attached in the first week were actually made 
during the second week; even so they wer? much 
smaller than most of the ones settling that week. The 
population of small individuals which began to settle 
in the first week continued into the second, at which 
time a group of larger barnacles began to arrive; no 
settlement occurred in the third week, but the size 
in the fourth week was similar to that in the second. 
No further measurements were made, but the barnacles 
which attached in later weeks appeared to be similar 
in average size to those of the fourth week. 

Measurements of attached cyprids and newly meta- 
morphosed barnacles were also made during the other 
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Fig. 4. Frequency distributions of the sizes of newly 
metamorphosed Balanus balanoides which settled dur- 
ing three weeks of the 1954 season. 


settlement seasons. These measurements are sum- 
marized in Table 3, together with those made by other 
authors. In 1955 there was no indication of the 
presence of a distinctly smaller population during 
the first week such as occurred in 1954. The average 
size was slightly below that of later settlers, but not 
significantly so. 

The measurements of the other authors appear to 
indieate a trend to smaller average size toward the 
southern end of the geographical range. These dif- 
ferences may be misleading, however, since an al- 
most equal amount of variation was found within 
one season in the present study. 

The cyprids which had metamorphosed into the 
smaller-sized barnacles in the first two weeks were 
darker and more sharply ridged dorsally than the 
larger, later, group. The only other species of bar- 
nacle which was likely to be settling at this time was 
Balanus crenatus Brug; its eyprids, being much paler 
(Pyefinch 1948a), did not resemble those discussed 
above. Cyrids identified as those of B. crenatus were 
found on the stones occasionally, but they never sur- 
vived. 
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TABLE 3. Average lengths of cyprids and newly 
metamorphosed barnacles of Balanus balanoides at dif- 
ferent periods in the settlement seasons studied. Meas- 
urements of other authors are given for comparison. 


Present Study, Millport 
























































Newry MeramMorPsoseD 
Arracnep Crprip LARVAE BaRNACLES 
Week of Season 
Av. Av. 
No. Length | Range of No. Length | Range of 
Meas, | (mm.) Meas. Meas. | (mm.) Meas. 
1953 
4and5...... 59 1.0 0.9 -1.2 60 1.0 0.7 -1.2 
1954 
Di xtaeneve asa 6 0.85 | 0.81-0.89 37 0.76 | 0.64-1.05 
oe ee 101 1.04 |0.72-1.25 98 0.98 | 0.56-1.21 
Reaviexeussas 75 1.12 | 0.77-1.25 44 1.08 | 0.72-1.21 
1955 
Seiaesbadnahe 29 0.94-1.14 20 0.96 | 0.86-1.07 
Bata deed ant 9 1.02-1.22 10 1.00 | 0.76-1.05 
Other Authors, Planktonic Cyprids 
Av. Range of 
Place Length Meas. Authority 
(mm.) (mm.) 
Herdla, Norway........ 1.20 Runnstrom, 1925 
Altane Fjord, Sweden... 1.02-1.24 | Barnes, 1953a 
Millport, Scotland...... 0.84-1.20 | Pyefinch, 1948a 
Millport, Scotland...... 0.82-1.22 | Barnes, 1953a 
Liverpool, England..... 1.09 0.90-1.25 | Chipperfield, 1948 
Plymouth, England... .. 0.94 Bassindale, 1936 














During the second week of 1954, measurements 
were made on each individual cyprid and then on the 
barnacle into which it metamorphosed. The eyprid 
measurements were grouped into 1/10 mm classes and 
the average sizes of the cyprids and the barnacles 
which had metamorphosed from them were computed. 
These values are given in Table 4. Cyprids of less 
than 1.0 mm in length developed into relatively smaller 
barnacles than did the larger cyprids. 

Barnes (1953a) found that measurements of cyprids 
of Balanus balanoides taken from the plankton showed 











TABLE 4. The relation of size of cyprid to the size 
of the barnacle into which it developed. (April 11-15, 
1954 only) 

Size range of cyprids 1.00- 1.10- | 1.20- 
in each group (mm.) | .70-.79 | .80-.89 | .90-.99 | 1.09 1.19 1.29 
Number of individuals} 1 10 12 37 43 11 
Average length of 

ee 0.72 0.86 0.98 1.07 1.13 1.22 
Average length of the 

barnacles develop- 

ing from these “ 

snsas cna 0.456 0.72 0.84 0.99 1.11 1.14 
Length ratio, Barna- 

cle/Cyprid........ 0.78 0.84 0.85 0.93 0.97 0.93 
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two modal sizes. Stage I nauplii removed from 
adults aged 1 yr collected at a low intertidal level 
were slightly smaller than those from adults of the 
same age at a high level. Barnes suggested that the 
two size groups of cyprids may have come from 
adults of different shore levels. Although this sug- 
gestion remains a possibility, the effects of other 
factors such as size of parent and conditions during 
the planktonic stages need to be studied. There is 
some evidence that planktonic conditions were ab- 
normal in 1954 at Millport. Barnes (1956) found 
that the phytoplankton bloom which normally develops 
in early March failed to do so in 1954. The larvae 
released early into the plankton may not have had 
sufficient food for proper development, so that the 
few cyprids which developed from them might have 
been small. 

Annual variations. Records of the occurrence of 
barnacle larvae in the plankton and on the shore 
at Millport are available for the years from 1944 to 
1955, except for 1948 (Pyefinch 1948b, Barnes 1956, 
present study). 

In every year except 1946, cyprids first appeared 
in the plankton in early April, although the time of 
the main settlement varied from early April to early 
May. In the present study these extremes were en- 
countered in 1955 and 1954, respectively (Fig. 2). 
Cyprids never settled earlier than March 21, and 
were never present in large numbers until near the 
end of March. The subject of annual variation will 
be treated further following the discussion of mortali- 
ty during the settlement season. 


MORTALITY DURING SETTLEMENT 


In most instances it was easy to decide whether 
an individual barnacle had died in the interval be- 
tween observations. Missing individuals, those with 
broken shells and gaping or deeply sunken opercular 
plates, and cyprids with withered shells, were all 
recorded as having died since the last observation. 
In some cases, however, cyprids which never meta- 
morphosed gradually becarne darker, but remained at- 
tached for two weeks or more, so that the exact date 
of death could not be determined. During the 1955 
settlement season, the time between attachment and 
metamorphosis of 951 eyprids was recorded in daily 
observations; the average time was 1.5 days. There- 
fore, the cyprids to which it was impossible to assign 
a specific date of death were assumed to have died 
1.5 days after attachment. 

Individuals missing since the previous observation 
were also assumed to be dead. Detachment in natural 
conditions is probably accompanied by bodily damage, 
and reattachment is unlikely to occur, as discussed 
earlier. 


DIFFERENCES IN MORTALITY BETWEEN THE EARLY 
AND Late SETTLERS 


To study the differences in mortality between groups 
settling at different periods, the settlement period 
was divided into weeks and the barnacles which had 
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Fig. 5. Survival of Balanus balanoides during the 


settlement season; each curve represents all those which 
attached during a single week of the season. The first 
ortion of each curve, a thinner line, denotes the mortality 
of eyprids before metamorphosis. In 1953, the first 
curve represents the second week of settlement, no records 
having been kept for the first weex. In 1954 there was 
no set in week 3. 


attached in each week were considered as a group. 
Fig. 5 illustrates the survival of the weekly groups in 
each year, the barnacles on all the stones being com- 
bined. (In 1954 there was no set in week 3). 

On each of the weekly survival curves (except the 
first and last of 1953 when adequate records were 
not kept), the first segment represents the mortality 
of cyprid larvae, plotted as if it had occurred in one 
and half days, as explained previously. Thus the 
differences in larval mortality are shown by the dif- 
ferent slopes or lengths of the first part of each 
curve. No consistent relationship seems to exist be- 
tween cyprid mortality and time of attachment. In 
1954 the early and late settlers fared worse than the 
ones during the middle weeks, while in 1955, the 
reverse was true. 

Once metamorphosed, the barnacles which attached 
in the early weeks appeared to survive better than 
those attaching in the later weeks. This is particularly 
clearly shown by the good survival of the barnacles 
of the second week in all three years; the slope of the 
curve indicates the relative mortality rate. 
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The barnacles attaching in the first week in 1954 
showed poorer survival. In this year, as discussed 
previously, the barnacles settling in the first week 
were of smaller average size than the later settlers. 

In 1955 the first cyprids to settle was similar in 
appearance to the later ones, and their average size 
was only slightly smaller (Table 3). The survival of 
the group settling in the first week was poorer during 
the first two weeks after which it was about the same 
as that of the second week (Fig. 5). Thus, aside 
from the obviously different group of the first week, 
1954, the survival of the earlier settlers seemed to be 
consistently better than that of the later ones. 

This was especially evident during some of the 
later periods of heavy mortality, as for example dur- 
ing a gale in the last week of May, 1954. Most of 
the populations suffered increased mortality at this 
time, as can be seen in Fig. 5. The percentage mortal- 
ity for each week on each stone was calculated for 
this period. These data are shown in Table 5, where 
pereentage mortalities of all the barnacles which at- 
tached to the stones in the three early weeks are com- 
pared to those of the three later weeks. The per- 
centages for the early weeks were compared to those 
of the later ones using the Mann-Whitney U Test 
(Siegel 1956) ; it indicated that the later settlers suf- 
fered significantly greater mortality during the gale 
(U = 63; p.: = 225). 


TABLE 5. Mortality during a gale, May 24-26, 1954. 
A comparison has been made between the mortalities 
suffered by barnacles which settled early and those whieb 
settled later in the settlement season. The figures repre- 
sent percentage mortality over an interval of three high 
tides. 
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Stone No. Weeks No. Weeks No. 

ee ee 4 5 6 7 

1 0 8 22 31 61 78 

2 ka = 6 22 28 0 

3 0 9 2 1 8 0 

4 =~ ~ 19 32 37 ne 

7 54 14 26 28 39 87 

8 — 0 0 3 5 33 























Nore: Only those weekly groups which contained six or more individuals were 


The barnacles which settled in the eighth week of 
the 1954 season survived well for the first few 
weeks, as can be seen in Fig. 5. However, the later 
survival of the barnacles of this week was poorer than 
that of any of the other weeks; except on Stone 1, 
they were all dead within six months. The later 


survival of those attaching in weeks 1 and 7 was 
only slightly better. The main bulk of the population 
present after the end of the settlement season was 
composed of those settling in the second to sixth 
weeks. 
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As discussed earlier, attaching cyprids tended to 
settle in concavities such as grooves, pits, or other 
hollows of the surface. Once these places were filled 
by the early settlers the later ones were forced to 
settle on the rest of the surface, plane or convex. 
The differences in mortality on the two types of 
surface were investigated in the following manner. 
Two small portions of the area studied on stone 7 
in 1955 were chosen, one a concave area where barna- 
cles had persisted, the other a convex one which was 
almost completely bare at the end of settlement. 
From the individual records the curves of settlement 
were constructed and are shown in Fig. 3. The settle- 
ment started a week later on the convex area and 
during the main settlement period in early April 
only reached one-third the density of the concave 
area. An increase in planktonic cyprids about April 
20, as indicated by increased attachments on an area 
of stone 7 cleared of cyprids daily, resulted in a 
rapid colonization of the convex area when the con- 
cave areas were almost completely occupied. The gale 
of April 25th caused great destruction on the convex 
area, but not on the coneave one. The behavior of 
eyprids which leads them to attach in hollows evident- 
ly has great survival value. 

This same analysis was used to determine whether 
the cyprids which attached earlier survived better by 
virtue of their greater age, when presumbably they 
would have a somewhat thicker shell. The same two 
areas on stone 7 were divided into the weekly sets 
and the death rate during the April 25th gale caleu- 
lated. The percentage mortalities for barnacles which 
attached during the second, third and fourth weeks 
are 0, 7 and 8 for those on the concave area and 62, 60 
and 92 for those on the convex area. Thus the -differ- 
ences in death rates were much greater between areas 
than within them. There is some suggestion that with- 
in each area the earlier settlers could better withstand 
the effects of a gale. However the protection offered 
by the concavity was much more important, indicat- 
ing that in general the earlier settlers will survive 
better because they tend to occupy the more protected 
positions. 

MortTAaLity AND WEATHER 

Since the weather often changed radically from 
day to day, the 1955 settlement season was chosen for 
analysis, observations having been made daily in 
that year. As pointed out earlier, the precise date of 
death of a cyprid was usually harder to decide than 
that of a metamorphosed barnacle, so that it would 
have been difficult to determine any relationship be- 
tween the mortality of cyprids and daily changes in 
the weather. Thus for the cyprid mortality, only two 
periods were analyzed, one being a period of un- 
usually warm, calm weather which persisted for five 
days, and the other a severe gale. During the warm 
weather there was no wind, so that there was little lap- 
ping of small waves; this prolonged the period of 
exposure to air. As shown in Table 6, for both these 
periods the percentage mortality per day of cyprids 
was much higher than average for the whole season. 
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TABLE 6. Mortality of cyprids and metamorphosed bar- 
nacles during the 1955 settlement season in relation to 
daily weather conditions. 


























No. of | Av. % Mortauiry PER lAv. % MORTALITY PER 
Days in| Day or BARNACLES Day or Cyprips 
Daily Weather Type Each ROL! era a ees 
Type : 
Stone 7 Stone 8 Stone 7 
Warm, calm..... : 5 2.2 0.7 57.0 
Warm, light wind...... 3 1.2 0.3 
Sunny, cold, windy... . 8 4.0 1.7 - 
Partly cloudy, cool... . Pe 3.6 1.2 | - 
Rain, over .05in./day..| 10 2.5 2.1 — 
SA ien ocbowkase vie 3 16.4 7.1 54.0 
Whole season, March 28- 
8 ar - 42 3.7 1.6 | 20.0 
- a a ibaipeaigiaiascienin 
| 
Number of organisms. . | _ 883 452 | 116 








The effect of gales on metamorphosed barnacles 
was shown in another analysis. The weather occur- 
ring in the 1955 season was classified into six types, as 
listed in Table 6. Then the average percentage mor- 
tality per day of metamorphosed barnacles for all the 
days in each type was caleulated. It was unusually 
great only during the gales. After a gale many 
barnacles were missing or broken, probably due to 
debris being thrown about by the waves. 

The effect of increased exposure to air at higher 
shore levels was difficult to ascertain from these data, 
since the stones were not strictly comparable in sur- 
face roughness or angle of attachment. However some 
comparisons seem justified; the percentage of cyprids 
which metamorphosed after attachment varied from 
95 to 70%. In any one season there was no systemat- 
ic variation, and the stones at the highest level did 
not have the highest mortahty. The percentage 
survival from initial attachment of the cyprid to the 
end of the settlement season varied from 88 to 24%. 
The highest mortalities occurred on different stones 
in 1953 and 1954, stones 2 and 4 respectively. Again 
the stones at the highest level did not suffer the 
greatest mortality. The erratic nature of these re- 
sults indicates that chance damage was the main 
cause of death; stone 3, protected under a small over- 
hang, always had the lowest mortality. Once meta- 
morphosed, the most dangerous time for newly settled 
barnacles seemed to be when they were immersed. 


MortTatity ASSOCIATED WITH OTHER ANIMALS, IN- 
CLUDING INTRASPECIES RELATIONSHIPS, 

During the 1955 season, broken barnacles were ob- 
served associated with regular grooves, which ap- 
peared to be radula marks, on the surface. The most 
likely cause for these marks was the grazing of the 
limpet, Patella vulgata L., which was very common in 
the area. An experiment performed during the 1954 
settlement season to demonstrate the effect of limpets 
is illustrated in Fig. 6. At the beginning of barnacle 
settlement, two cages were attached to a slope of bare 
rock where radula marks indicated heavy grazing by 
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limpets. One cage was attached over two limpets, 
the adjoining cage having none. After the settlement 
season was over, the photographs in Fig. 6 were taken. 
It is possible that the restriction by the cages may 
have resulted in more intense grazing inside the cage 
than on the open shore. But it seems obvious that the 
limpets can reduce the density of barnacle settlement 
appreciably. Inside the cages on Area 1 (described 
in the next section) the density of settlement in the 
narrow spaces betweer the tall older barnacles was 
very high. This suggests that the limpets present 
in the cages were not able to graze in these places. 
Hatton (1938) cleared the limpets away from the area 
surrounding his settlement sites to prevent the de- 
struction of the young barnacles. He states that 
the limpets did not damage older barnacles; this was 
confirmed in the present study by the good survival 
of older barnacles in cages with limpets on Area 1. 
Lewis (1954a) noted that the activities of a population 
of Patella vulgata removed the newly settled spat of 
Balanus balanoides above MHWN. Those spat which 
settled in pits or among older barnacles survived. An 
indirect effect of Patella on Balanus has been sug- 
gested by Southward (1956). Limpets had been re- 
moved from a strip of intertidal shore on the Isle of 
Man and the recolonization studied (Jones 1948, Bur- 
rows & Lodge 1950, Southward 1953). Following the 
limpet removal, algae colonized the strip, covering it 
almost completely; after this there was good survival 
and growth of newly settled limpets under the algal 
canopy. Their grazing presumably prevented further 
recruitment of algae so that by the sixth year follow- 
ing the start of the experiment the algae had declined 
to the original degree of coverage. The density of 
Balanus balanoides (at MTL but not at HWN) de- 
clined when the algae increased. Southward (1956) 
ascribes this to the barrier effect of algae preventing 
the cyprid larvae from reaching the rock surface. 
However, several alternate explanations are possible; 
the increased limpet population may have destroyed 
more of the settlement than usual. Also, the period 
of decline in the Balanus population coincided with 
years of poor settlement of this species over much of 
England, including the Isle of Man (Southward & 
Crisp 1954). In addition, if more Thais occurred 
under the protective algal canopy this would partly 
explain why the decrease occurred at MTL where 
Thais was common but not at HWN, where it was 
never recorded by Southward (1953). 

In a visit to Millport in the summer of 1958, 
similar changes were found; these are summarized in 
Table 7. Patella had decreased, and the cover of 
larger algae had increased. The algae on Area 1, 
mainly Fucus vesiculosus L., were 10 to 12 em in 
length in late June, 1958. Hatton (1938) found that 
this species grew 20 em per year at St. Malo, and in 
Denmark, Lund (1936) found that it grew 9-15 em 
per year. Thus the algae on area 1 had probably at- 
tached during the summer or autumn of 1957. The 
1958 Balanus settlement was less dense under the 
Fucus than in the open, possibly due to the barrier 
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Fig. 6. The effect of grazing by the limpet, Patella 
vulgata, on newly settled Balanus balanoides. Both 
photographs were taken on June 22, 1954, after the cages 
had been attached for 10 weeks during the settlement 
season. The left cage excluded limpets, the right en- 
closed two. Each cage was about 9 x 6 inches in size. 


effect of the algae as suggested by Southward (1956), 
or to the decreased water circulation under algae as 
suggested by Hatton (1938). The alternative ex- 
planations given above would not apply to the 1958 
settlement under the Fucus since the limpet density 
was low and, as will be shown later, Thais lapillus 
did not feed much on young barnacles if older ones 
were available. Thais was never observed to feed 
on newly settled barnacles; possibly very small Thais 
might do so but none were observed at this time. 
To investigate the other animals associated with the 
barnacles, all the organisms on small areas of barna- 
cle-covered rock were collected on several occasions 
in the summer and autumn of 1953... This material 
was brought into the laboratory and examined. Col- 
lections were made from above and below MTL. The 
principal groups represented were Turbellarians, 
Nematodes, Oligochaetes, small Gastropods, Lamelli- 
branchs, Ostracods, and Hydracarina. A few Cope- 
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TABLE 7. Summer observations on the abundance of 
Patella vulgata and Fucus. 


Patella vulgata, numbers 





























July-Aug. | August 
Area m.2 1953 1958 
OS ery Per ee . 1.00 14 5 
2. Reef below MTL Large limpets.. . 5.80 276 22 
Medium limpets. . . 5.80 76 8 
Small limpets. . 5.80 13 14 
3. Area 3 Boulder 1... 0.33 20 
Boulder 2. . 0.30 20 7 
Boulder 6.......... | 0.37 27 11 
Fucus spiralis and F. vesiculosus; % Cover 
1953-1955 August 1958 
Area 1 Upper level.......... 5 50 
Middle level... . . . a 5 60 


Lower level......... | 10 60 





pods, Amphipods, Isopods and insects, Lipura (= 
Anurida) maritima Guerin and Chironomid larvae, 
were found, plus a few polychaetes of the species 
Eulalia viridis (O. F. Muller). Only the last species 
would be likely to be a predator, the others all being 
very small. Moore & Kitching (1939) observed 
Eulalia opening a barnacle. Several observations of 
foraging by Eulalia were made in the present study; 
the worms seemed to be searching in all the crevices 
and empty barnacles. One was seen capturing a 
large chironomid larva among barnacles, but no sign 
of any attack on live barnacles was observed. Blower 
(1957) has reported observations of a_ centipede, 
Scolioplanes maritimus (Leach) feeding on Balanus 
balanoides at night on the Isle of Man. In the few 
night visits made during the present study, no centi- 
pedes were observed. 

To study the larger animals, a fish trap was con- 
structed over an area of barnacles so that any fish 
or crabs foraging over the surface at high tide 
would be caught. No bait was used. Six species of 
fish and three species of crabs were caught during 
operation of the trap for 19 tides in July and August, 
1953. The list of species caught follows: 

Fish 

Labrus bergylta Ascanius 

Ctenolabrus rupestris (L) 

Centrolabrus exeoletus (L) 

Gadus virens L. 

Cottus bubalis Euphrasen 

Onos mustela (L) 


Crabs 
Portunus puber (L) 
Carcinus maenas (Pennant) 
Cancer pagurus L. 


Only Ctenolabrus rupestris was caught regularly. A 
few stomachs of each of the above species were ex- 
amined, and traces of barnacles were found only in 
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those of Labrus and Portunus. No blennies, Blennius 
pholis L., which have been found to feed heavily on 
barnacles, (Qasim 1957) were caught. 

The droppings of the Purple Sandpiper, Calidris 
maritima (Brunnich) and the Black-headed gull, Larus 
ridibundus L. were examined but no barnacles were 
found in them. Rock pipits, Anthus spinoletta 
(Mont.), were common but the observations of Gibb 
(1956) indicate that Littorina, Idotea, and dipterous 
larvae are its principal food. Rats and rabbits were 
also observed on the shore but no stomach contents 
were examined. 

From this limited survey it would seem that none of 
these possible predators in their present abundance 
could cause mortalities among newly attached barna- 
cles comparable with those associated with gales. 

From the preceding analysis, the following tenta- 
tive conclusions may be drawn. The first settlers, 
by selecting the hollows for settlement, had a better 
chance of survival than those which arrived after 
the conecavities had been occupied. During severe 
wave action the convexities on the surface of the rock 
might be rubbed clean, although older individuals 
with thicker shells appeared to withstand this. Once 
metamorphosed, the barnacles suffered little mortality 
during warm, dry weather as compared to that of the 
eyprids. Thus most of the early mortality of meta- 
morphosed individuals may have occurred when the 
barnacles were under water. Limpets were the only 
animals which appeared to contribute greatly to this 
early mortality. The average mortality did not in- 
crease with height except at levels above MHWN. In 
1954 the first group of cyprids was small and dark; 
their survival was poor. Possibly these were liberated 
shortly before a failure of the phytoplankton popula- 
tion and so did not develop normally (Barnes 1956). 

Some previous work has been concerned with this 
period of barnacle mortality. Deevey (1947), using 
the data of Weiss (1948b), suggested that survival 
was poorer at times of maximum settlement of Bal- 
onus improvisus Darwin on continually submerged 
glass plates in Florida. These data were obtained 
by comparing the final numbers of barnacles surviving 
on plates exposed for a month with the sum of the 
numbers of cyprids attaching each day for a month 
to a plate wiped daily. At certain times, fewer at- 
tached over a month to the plate cleaned daily than 
survived after a month’s exposure on the other plate. 
This suggests that the wiped plate was less attractive 
to eyprids than the one which had both a bacterial 
slime and previously settled barnacles, both of which 
have been shown to increase *he numbers attaching 
(Miller et al. 1948, Knight-Jones 1953). In addition, 
the maximum number on the panel exposed for a 
month depended not on the area but on the season, 
since during the summer the barnacles grew faster 
and covered the panel with about a third of the 
number that could find room to attach in winter. 
Thus from this study no accurate relation between 
mortality and density can be derived. 

There seems to be no other evidence that cyprid 
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mortality is associated with population density. As 
seen in Fig. 5 there was no correlation between the 
weekly cyprid mortality and population size. How- 
ever, the population density may indirectly affect 
survival since the cyprids which attach when the sur- 
face hollows are filled have a smaller chance of 
surviving. 


Factors DETERMINING THE POPULATION DENSITY AT 
THE END OF THE SETTLEMENT SEASON 


The density at the end of the settlement season 
is the difference between the numbers which attached 
and those which died during the season. In the 
previous work on barnacle settlement, no measure- 
ments of the mortality during the settlement season 
were made, so that it is difficult to decide which factors 
determined the densities observed. 

In some instances, it was obvious that a low settle- 
ment density was the result of a limited supply of 
larvae from the plankton. Hatton (1938) noted that 
the density of settlement for Balanus balanoides at 
St. Malo was lower in calm areas than in those with 
moderate currents or waves. He attributed this to 
the fact that the numbers of larvae brought to the 
shore were fewer when the circulation was slower. 
In places where large algae (Fucus) grew densely 
the settlement density was lower; he removed the 
Fucus in patches and found that the settlement was 
heavier on the bare rock. His explanation was that 
the Fucus reduced the circulation close to the surface. 
No data were available on mortality; however, it 
seems logical that less circulation would result in 
fewer larvae being brought to the shore area. 

Bousfield (1955) found that Balanus balanoides 
colonized only the lower portions of a large estuary in 
eastern Canada because the planktonic larvae re- 
mained near the surface where they would be carried 
seaward. Another species, Balanus improvisus Dar- 
win, whose larvae were found near the bottom, colo- 
nized the upper estuary, probably being carried there 
in the landward current near the bottom. This is a 
particularly clear demonstration of the control of local 
shore distribution by events which oceurred during 
the planktonic phase. 

Another method of approach to the question of 
the importance of planktonic supply in determining 
settlement density is that of comparing annual varia- 
tions in both planktonic and shore populations. Stud- 
ies of this nature have been carried out at Millport 
since 1944 in connection with work on fouling. 

Pyefinch (1948b) found great annual variations in 
the numbers of planktonic cyprids at Millport in 
four successive years. In April, 1945, the number of 
eyprids of all species in the plankton was only 1/10 
that of 1944. Yet the density of newly settled eyprids 
in 1945 was 74/cm?, similar to the maximum densities 
shown in Fig. 2 of the present study. Moreover, 
counts of young barnacles in April showed that the 
density in 1945 was about 3/4 of that in 1944. These 
figures suggest that great variations in the planktonic 
supply were not reflected in similar variations in 
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densities on the shore. As discussed earlier, Pyefinch’s 
methods of sampling plankton were only roughly 
quantitative, but probably were sufficiently accurate 
to reveal differences as great as in the two years 
cited. 

Barnes (1956) studied the planktonic history of 
Balanus balanoides at Millport, and has summarized 
his own and earlier records for nine years from 1944 
to 1954. In four of these years, termed “failure” 
years, very few late-stage nauplii and eyprids were 
found one month after the liberation of larvae into 
the plankton in early March. In the other five 
“normal” years, moderate to great numbers of later 
larvae were collected in late March and early April. 

In three of the four failure years the phytoplankton 
bloom of early March disappeared after a short time 
while in the normal years it persisted through March. 
This seemed to be the most likely cause for the failure 
of the early planktonic larval population. Other 
influences such as egg viability, predation, deleterious 
water factors, etc., appeared to have no correlation 
with these larval variations. 

As has already been pointed out, all the adults 
do not liberate their larvae at the same time. Barnes 
(1956) stated that during a failure year, a later 
liberation might develop successfully if there was a 
late diatom inerease such as occurred in 1954. Barnes 
(personal communication) has also pointed out that 
the proportion of the adult population which liberates 
larvae in the first outburst of a failure year, will 
determine whether there are enough left for a second 
liberation of sufficient size to populate the shore. 

Unfortunately, few data are available on the settle- 
ment dens..y in these years. For the normal years 
of 1944, 1945, and 1949, the settlement density was 
equal to or greater than that found to be maximal 
in the present study (Pyefinch, 1948b, Barnes & 
Powell, 1950). For the failure years, no quantitative 
data were given although Pyefinch stated that the 
late liberation in 1946 led to a “light settlement.” 

For the three years of the present study, plankton 
data were available to Barnes for only one, 1954; it 
was classified as a failure year. In 1955, very heavy 
settlement occurred at the beginning of April; al- 
though no plankton data are available for 1955, this 
early settlement gives a strong presumption for classi- 
fying it as a normal year. If it were a failure year, 
the first liberation would have had to occur far in 
advance of that of any of the previous nine years. 
Also, the settlement continued into the third week 
of May, a normal length of season. 1953 also ap- 
peared to have been a normal year since cyprids be- 
gan attaching in the first week of April, with the 
heavy settlement in the second week. 

As shown in Fig. 2, the maximum density reached 
was similar on some stones in all three years. The 
average rates of settlement (no/em?/tide) on the 
areas cleared daily ranged from 4.3 to 8.9 in 1954 and 
from 7.5 to 16.6 in 1955. The maximum rates of 


settlement recorded in daily observations for the six 
stones ranged from 5.0 to 10.6 in 1954, and from 
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10.2 to 20.0 in 1955. The average and maximal rates 
observed in 1954 were thus about half those in 1955. 
Thus the second liberation in 1954, although producing 
a less intense settlement, filled the space available 
(Fig. 2) and as shown by the settlement on areas 
cleared daily, continued after the space was filled. 
The success of the second liberation indicates that the 
habit of this species of liberating its larvae in succes- 
sive bursts has survival value in an environment of 
fluctuating food supply. 

Densities determined at the end of each settlement 
season during the present study are given in Table 
8. The light settlement in 1958 was undoubtedly 
limited by the supply of planktonic larvae. Differ- 
ences between the three earlier years were smaller. 


TABLE 8. Annual variations in the densities of Balanus 
balanoides (current year-group only) at the end of settle- 
ment at Millport and at St. Malo, France, from Hatton, 
(1938). 
































Millport 
Feet No./cm. 
Area | from = |——————,—-—-_,——— 
MTL | 1953 | 1954 | 1955 | 1958 
ne a Se — Eo wi a Se et ee ene eee 
Area 1, Top........ | +4.2 BBS WB OO 
Stones 5-6........ 2.5 16 | 14 18 — 
Area 1, Upper...... | +2.6 67 | 42 | 56 2.0 
Area 1, Middle..... | +2.1 47 | 31 | 48 1.0 
Stones7-8........ |} +2.1 a4 1 &®@ | 3 — 
Area 1, Low........ Lhd 24 | (15 2 0.2 
Stones 3 -4........ Bee 40 | as | Si — 
Stones 1-2........ | —0.9 34 52 | 30 — 
tS oie | se | a oe | 25 0.5 
Average...... | | 35 | 30 | 37 | 0.9 
wiaticcuanewabass SM! Ot eee 
On. Dane Seer e ara eee 
No./cm.2 
Level ——- 
1930 1931 1932 
Ouest II (HWN)........| 8.0 5.8 whe 
Est II (HWN)..........| 4.0 §.2 -= 
Cité II (HWN)......... | 10.0 11.4 ae 
Ouest) between | 23.0 | 20.0 19.5 
._ te 8 ae | a2 12.5 13.0 
Cité JI | 22.0 19.5 18.5 
Ouest ITI (MTL)....... | 23.2 20 .2 — 
Rast 0 (MT)... 55. eee! 12.9 -- 
Cité III (MTL),........} 22.1 19.9 -- 
| 
Ouest IV (LWN)....... | 15.3 17.5 — 
Est IV (LWN)......... | 15.0 13.1 bo 
Cité IV (LWN).........| 23.8 13.9 “+ 
| 











In four instances the densities were much lower 
in 1954, in two, higher, and in the other three only 
slightly lower than in 1953 and 1955. Comparing 
the final densities on the stone with the maxima shown 
in Fig. 2, it is obvious that much mortality had oc- 
curred. Since most of the mortality during the 
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settlement season was caused by scouring of the con- 
vex portions of the surface, it is evident that dif- 
ferences in the surfaces chosen from year to year 
could account for much of the annual variation shown 
in Table 8. 

After I had left Millport, Mr. T. B. Bagenal con- 
tinued to make counts and photographs on the study 
areas. Some of his observations on Area 3, together 
with those which I made in a return visit in July, 
1958, are summarized in Table 9. The 1956 settle- 
ment was heavy, the 1958 one light. Although no 
eounts were made in 1957, the settlement then must 
have been at least moderately heavy. This is shown 
by the densities on Area 1 in July, 1958. The mean 
densities. (no./100em*) of the 1958, 1957 and 1956 
year groups were 74, 270 and 2, respectively; thus the 
1957 settlement after one year was much greater than 
that of the 1958 group soon after settlement. <A 
moderate settlement must also have occurred in 1952, 
judging by the density after a year, as shown in 
Table 9. Thus in the seven seasons from 1952 to 
1958, the settlement was light in only one. In the 
four earlier years when some settlement data are 
available, only one, 1946, had a light settlement. 


TABLE 9. Observations of the population densities 
(no./em.”) of Balanus balanoides on Boulder 1, from 
1952 to 1958. 








| Density after the end 
of the settlement Density the following 
Year group |season (in late June or| year, at age 12-13 
early July) months 

See _ 1.0 
ree 19.5 0 

WOE hee sizawia 14.0 2.5 
Sree 24.0 0.5 

| eae 32.0 — 

RUS gyn 'a%,8'% — 0.1 

_ See 1.3 _ 











Hatton (1938) observed the density at the end of 
the settlement seasons of three years. These are given 
in Table 8. Little difference in density was found 
between the years. This is especially interesting, 
since the settlement season of 1930 started three weeks 
later than that of 1931, the two seasons being 6 and 
9 weeks long, respectively. This suggests a patiern 
similar to that described by Barnes (1956) at Mill- 
port. In neither place were the fluctuations in the 
length of the settlement season correlated with the 
settlement density at the end of the season. 

From all these studies it appears that while the 
density observed at the end of the settlement season 
may occasionally be severely limited by the supply 
of planktonic larvae at Millport it was usually de- 
termined by occurrences on the. shore, there being 
a vast oversupply of larvae. This.situation may also 
apply to other similar areas, but may not apply on 
open coasts where larvae may be carried away. At 
Millport, the mortality was greatest on the exposed 
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convex surfaces so that the population density could 
be regarded as varying directly with the proportion 
of “concave” surface, including in this category the 
spaces between older barnacles. 

It is sometimes tacitly assumed that variations in 
the supply of planktonic larvae will be reflected in 
similar variations in the population of adults on the 
bottom. Thorson (1950) has suggested that in the 
life of sedentary marine invertebrates which possess 
a long planktonic larval phase, the most “critical” 
period is the planktonic stage. Many authors have 
shown that adults during the breeding season and 
developing larvae often have narrower tolerances to 
environmental factors than during other periods in 
their life cycle. As evidence for his hypothesis, 
Thorson showed that greater annual fluctuations in 
biomass of dredged material occurred in three species 
of bivalve molluses with a long planktonic larval life 
than in two species which had short free-swimming 
phases. However, since no study was made of such 
factors as the spatial distribution, mortality, and 
growth, which also might affect the estimates of the 
biomass of these bottom invertebrates, this hypothesis 
can only be regarded as tentative. 


MORTALITY FROM CROWDING 


Factors DETERMINING CROWDING 

When the settlement density was high, as it was in 
the present study, the barnacles after a short period of 
growth soon began to touch one another. In the 
following discussion, crowding will refer to the proe- 
ess in which barnacles grow while in contact with 
each other. The degree of crowding is thus deter- 
mined by the rate of growth, population density and 
average size. 

The growth of Balanus balanoides has been well 
documented in Western Europe. The results of these 
studies of most relevance to crowding are as follows. 
Growth is more rapid when there is more water 
movement, such as on wave-beaten points or in tidal 
currents, (Hatton 1938, Moore 1935b, Chipperfield 
1948). These authors all believe that this is the 
result of more food being brought to the population 
by the increased circulation. 

Moore (1935b) noted that barnacles packed closely 
in a groove grew more slowly than adjacent isolated 
individuals. He suggested that the food in the. water 
flowing over the surface is shared among more in- 
dividuals at a higher population density. This sug- 
gestion is supported by the observations of Chipper- 
field (1948), also at the Isle of Man. On the other 
hand, Kuznetzov & Matveeva (1949) suggest that 
growth is faster at higher densities. Collections were 
made at three locations in east Murman (Arctic 
Ocean) at densities of 5, 3 and 2/em?, respectively. 
Age was. determined by growth rings on the wall 
and opercular plates; the maximum ages were 7 
years at the two higher densities and 12 years at the 
lowest. At the same age, barnacles at the higher 
densities were larger than those growing at low 
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TaBLE 10. Growth of Balanus balanoides in its later years at Millport and St, Malo. 
| 
Seconp Year (10-22 mos.) | Turrp Year (22-34 mos.) | FourtH Year (34-46 mos.) 
Mean Mean 
No. of Specific | Absolute ; Abso- Abso- 
Barna- | Ave. | gr. rate| gr. rate Ave. | Specific | lute gr.| Ave. | Specific | lute gr. 
cles Length | per day | per day | Length | gr. rate | rate Length | gr. rate} rate 
Meas. (mm) x 100 x 100 (mm) | (mm) 
Millport--Mid Cage 1+-2.1 
ft. above MTL 
SSSA 9 3:1 .147 456 4.6 .086 095 | _— — 
Pre-1952 set........... 4 ~< — — 5.5 071 | .391 | 6.7 041 | .275 
Millport—(Barnes & Powell, | | | 
1953) | | 
Panel3:+1’ above MTL! 31 17.0 .088 1.496 - } | set - 
Panel 7: —6’ below MTL) 26 19.5 .078 1.520 eGo Gets = | — _ 
- en ee | — ——|—_—_-—-—|- = -|—-—-—-— | --— a 
St. Malo—(Hatton, 1938) | | | | | 
Decolle Ouest, level II, | 
Se eee 50 4.4 | .154 678 6.0 | .025 150 | - tae. - 
ieee A fo SEE SE RE SS a ES ee Eee pre ses een Ie Ee een ee ae 
| | | 
Decolle Est, Level II, 
ee ns toes 3s 50 4.6 | .136 .626 6.2 | .039 a) — | 
Decolle Est, Level ITI, | 
SE ee 50 4.2 | .135 567 S32 |: 2016 | .079 | — | _ 
pero oe een, eset USTs re ae 
Cite, Level II, HWN... 50 4.5 .102 .459 | 5.7 | .033 188 | — | - 
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Nore: All measurements were made in mid-February, except for those in Barnes & Powell (1953) where measurements were made in January and October, at ages of 9 
and 18 months. The Pre-1952 set in the present study may have included some individuals older than three and four years. 


density. Whether the larger sizes found at higher 
densities were the result of the differences in density 
or in location is difficult to decide. 

Moore (1934, 1935a), Hatton (1938) and Barnes 
& Powell (1953) recorded seasonal variations in 
growth rate. Growth was fastest in spring and early 
summer, decreasing later to a very slow rate in 
winter. Most of the growth occurred during the first 
and second seasons; after the age of 18 months the 
growth was very slow. 

The only data published on the growth of Balanus 
balanoides which were followed after the second year 
are those of Hatton (1938). In the present study, 
some barnacles were followed through their fourth 
year on Area 1. Photographs had been taken of the 
Middle Cage 1 in February in three successive years, 
1953-1955. A few individuals were in a clear posi- 
tion for measurement in all three photographs. Only 
those individuals which could be followed through the 
entire two year period were included. For the 1952 
settlement, nine individuals were measured, at the 
ages of 10, 22 and 34 months; for the pre-1952 settle- 
ments, four individuals were measured at the ages 
of 22, 34 and 46 months (although some of these may 
have been even older). The mean specific growth 
rate (increase in length per unit length per day x 
100) and the absolute growth rate (increase in length 
per day x 100) were caleulated for each group for 
each year. Similar rates were calculated from the 
data of Hatton over the same periods, and from those 
of Barnes & Powell (1953) for the period between 


the ages of 9 and 18 months. These data are given 
in Table 10. 

Although only a few barnacles were measured in this 
study, the values indicate that growth continues, at a 
declining rate, during the fourth year; it was greater 
at Millport at this age than at St. Malo during the 
third year. One of the barnacles of the pre-1952 
group reached a length of 10 mm after at least four 
years. In comparing the growth rates at different 
levels in the intertidal zone, these authors were in 
agreement that the rate is faster lower on the shore 
during the first year. At the end of the second 
season Hatton (1938) found that the differences in 
average size between levels were reduced; the smaller 
barnacles at higher levels appeared to have grown 
faster and caught up with those at low levels. Barnes 
& Powell (1953) found that the mean specific growth 
rate was slightly greater at high levels during the sec- 
ond season; the absolute growth rate was about the 
same, however, so that the barnacles on their lowest 
panel were still Jarger than those on the highest panel 
at the end of the second year. Moore (1935b) found 
that in the second year the larger barnacles occurred 
at high levels in some localities, low in others. Evi- 
dence will be given later that the results of Moore 
and Hatton may be explained by predation by Thais 
lapillus, which selects the larger barnacles at lower 
levels. This selection inevitably reduces the average 
size of the barnacles at these levels. 

From all these deta it appears that for barnacles of 
the same size and age, growth is closely associated with 
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food supply, being fastest in the spring when phy- 
toplankton is most abundant and, during the first 
year, faster at lower levels on the shore where the 
time of immersion for feeding is longer. After the 
first year, the growth rate decreases with size and age, 
irrespective of location. 

Crowding varies directly with population density, 
when barnacles of the same size and rate of growth 
are compared. Fig. 7 shows such a comparison of 
stones 1 and 2, which were located close together at 
the same shore level. The intense crowding at high 
population density on Stone 2 is evident. 


s 


STONE A... 


STONE 2. 








7 j ‘ * 4° -* . A s £< 

Fig. 7. Photographs of Stones 1 and 2 after most of 
the settlement of Balanus balanoides had occurred and 
later after some growth had taken place. Each photograph 
represents an area with dimensions of about 4.5 x 2.5 
centimeters. 


In populations of the same density, more ¢entacts 
between barnacles would occur in those composed of 
large barnacles than in those of smaller ones. How- 
ever, the increased number of contacts would not 


necessarily imply greater crowding, since the growth 
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rate of the larger barnacles might be slower, either 
because of a lower growth rate, or because of a less 
favorable location. 


PuysicaL EFFECTS OF CROWDING 

Of the many possible consequences of crowding, 
three will be discussed: (1) changes in growth form, 
(2) mortality, and (3) impedance of cirral activity. 
The most obvious results of crowding were the changes 
in body form of the barnacles. At low levels, or at 
higher ones where water movement was very rapid, 
barnacles grew very rapidly; at moderate population 
densities the barnacles had no room to expand lateral- 
ly, so grew upward, developing into cylindrical or 
trumpet shapes. This development was not usually 
uniform over the surface, local groups developing 
into “hummocks.” The barnacles were attached only 
at the relatively small base and so were often de- 
tached in heavy wave action. 

This growth form was ascribed to crowding by 
Darwin (1854) in England and by Pilsbry (1916) 
in the United States. Pilsbry states that in Balanus 
balanoides this form “is in no sense a race, as it is 
commonly found in the same group with patelliform 
individuals.” Darwin (1854), Pilsbry (1916) and 
Moore (1934) deseribed occasional elongate individ- 
uals which were found isolated; no explanation of 
this was given. This phenomenon has been observed 
in this species at many other places: in Germany by 
Trusheim (1932) and Schafer (1948), in Franee by 
Hatton (1938), at Millport by Barnes & Powell 
(1950) and on the arctic coast: of Russia by Sokolova 
(1951). I observed it at Woods Hole, Massachusetts 
in 1955. It has also been described for many other 
species by Darwin (1854), Pilsbry (1916), Rice 
(1935), and Barnes & Powell (1950). 

The present observations of the process agree with 
those of Barnes & Powell (1950). In their study, the 
settlement densities on the shore were over 80/sq em, 
and the barnacles reached a maximum height of 1.3 
em. Hummocking was observed in the present study at 
densities of 44/sq em and 16/sq em; maximum heights 
at these densities were 2.1 and 1.3 em, respectively. 
On Area 3, hummocking occurred only at densities 
greater than 16/sq. em. Its widespread occurrence, 
together with the fact that it was observed in each 
year on the present study area, indicate that it is a 
common, rather than unusual, phenomenon. 

In areas where growth was less rapid, as at the 
higher shore levels, a variety of body forms resulted 
from the less extreme crowding. Some individuals 
retained the normal “patelliform” shape, while others 
developed cylindrical or low trumpet-shapes and so 
fitted into the spaces between the “normal” individ- 
uals. This elongated condition is shown on stone 2 
in Fig. 7, where it is compared with an area of lower 
density on stone 1 where most of the barnacles were 
shaped normally. 

Besides the effects on growth form, some observa- 
tions were made on the killing of barnacles by what 
appeared to be the direct effects of crowding. A series 
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of photographs taken at short intervals of a dense 
population of barnacles just after the season of settle- 
ment is shown in Fig. 8. During the period shown, 
10 of the 24 deaths which occurred were probably a 
direct result of crowding. Some of these are marked 
on the photographs; some were flattened laterally, 
(Nos. 1, 2, and 4) while others were undereut and 
tilted by the growth of their neighbors (Nos. 3 and 
6). Once tilted they often dried out, probably be- 
cause the basal membrane was exposed. A few small 
individuals situated between larger ones became al- 
most buried by the growth of the neighboring barna- 
cles. 





May 30 June 10 


Fic. 8. Photomicrographs of the same area on stone 
7 taken at intervals following a dense settlement of 
Balanus balanoides. Some individual barnacles which 
vere being crowded are indicated. Each photograph 
represents an area of about one square centimeter. 


At the higher levels where several year-classes 0¢- 
eurred together another effect of crowding was ob- 
served. Young barnacles attached themselves to the 
upper parts of the shells of older ones, and then 
grew over the opening of the older barnacle, partly 
occluding it. The older individual usually died, pre- 
sumably because it was unable to feed. All of these 
observations were made while following individual 
barnacles in periodic censuses. 

In the present study, the term crowding has been 
restricted to situations in which crushing, displace- 
ment, smothering or distortion of growth form have 
resulted from the growth of contiguous barnacles. 
Other authors have used the term in a less restricted 
sense to refer simply to barnacles existing at.a high 
population density or forming a complete coverage of 
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the rock. It is probable that these other usuages are 
justified, since certain effects other than those de- 
scribed in this paper may occur in dense populations. 
One such effect was observed on a stone bearing a 
dense stand of young barnacles. The stone had been 
placed in a dish of sea water to observe the feeding 
movements of the cirri. Three barnacles were situated 
in.a row, the slightly smaller middle one oriented in 
the opposite direction to the ones on either side so 
that the direction of beat of its cirri was in the op- 
posite direction to that of its two neighbors. Its beat- 
ing often coincided with that of one or both of the 
others, and the continual opposition of its outer cirri 
with those of its neighbors on either side appeared 
to inhibit the activity of the middle individual, since 
its beating was much more irregular and less vigorous 
than that of either of the other two. 

Hatton (1938) in his discussion of the interaction 
between Balanus balanoides individuals, made the fol- 
lowing observations. When two young barnacles 
settled next to each other, one invariably died; the 
victor was thought to be either the faster grower or 
the “stronger” of the two. He especially emphasized 
the effect of the growth of older barnacles in displac- 
ing young ones. Only if a young barnacle came into 
contact with an oJder one after a sufficient period of 
growth could it withstand the undercutting of the 
latter. In the present study, displacement or crush- 
ing of a young barnacle by an older one was often 
observed, especially during the settlement season. 
However, probably because of the faster growth rate 
and greater number of the younger barnacles, crowd- 
ing between them was much more frequently observed 
than that involving older ones. Hatton also observed 
a single case of a young barnacle growing over the 
opereular opening of a three-year-old. The older 
one died and the younger one survived another year. 
He also noted that Balanus could undercut and re- 
move fronds of the alga Fucus vesiculosus. <A settle- 
ment of Balanus removed all the Fucus from an area 
in one growing season. Between individuals of 
Chihamalus stellatus (Poli), he never observed dis- 
placement. He suggests that the growth of Chthama- 
lus was slower and more continuous than Balanus 
so that the young of Chthamalus had time to establish 
themselves before they could be displaced by the 
older ones. No observations of the interaction be- 
tween Balanus and Chthamalus were given by Hatton. 
In the present study it was observed that any 
Chthamalus in contact with Balanus below MHWN 
were crushed, smothered, displaced or sometimes lifted 
on the shell of the Balanus. Weiss (1948a) noted in 
Florida that barnacles on continuously submerged 
panels were smothered by growths of colonial tuni- 
cates and encrusting bryozoa. 


MortaLity ASSOCIATED WITH CROWDING 


No method for integrating growth and density in- 
to a “crowding index” was devised in the present 
study. Therefore, to illustrate the effects of erowd- 
ing on mortality in the following discussion, the ob- 











January, 1961 EFFEcts oF CoMPETITION, 
served mortality rate has been considered in relation 
to variations in growth rate and in population density 
separately. 

At the same population density and average size, 
faster growth might be expected to lead to more severe 
crowding, with consequent greater mortality. Season- 
al variations in growth would be expected to be re- 
flected in variations in crowding and mortality. 

During the first year of life the survival curves 
often showed a decrease in the relative mortality 
rate in the winter (Figs. 9, 10, 16, 17), at the time 
of decrease in the growth rate. 

The curves in Figs. 12, 16, 17 and 18 show that 
barnacles older than two years, if protected from 
predation by a high shore situation or by experimental 

means, had a very low mortality rate. The growth 
of these older barnacles was relatively slow, al- 
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though they were mingled with younger ones which 
were still growing rapidly. Evidently the crowding 
among the younger barnacles had little effect on the 
older ones, except for the occasional smothering as 
described earlier. 

In Figs. 9 and 10 are shown the survival curves of 
populations of Balanus balanoides at St. Malo, 
France, from Hatton (1938), as compared to those 
at Millport. The greater mortality at Millport at 
MTL, shown in Fig. 10, was probably due to the 
greater densities of settlement. Near LWN, as 
shown in Fig. 9, the densities at Millport (Area 3) 
and at St. Malo were similar, yet the mortality was 
greater at, Millport. Extreme crowding leading to 
hummock formation had been observed at Millport on 
boulder 1 in 1953 and on boulder 5a in 1954, followed 
by complete destruction of the populations. If the 
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plotted from Hatton (1938). 


Survival curves for Balanus balanoides below MTL at Millport and in Brittany, the latter re- 
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Fig. 10. Survival eurves for Balanus balanoides just above MTL at Millport and MTL in Brittany, the 


latter replotted from Hatton (1938). 


rate of growth were slower at St. Malo, it would ac- 
count for the much lower mortalities found by Hat- 
ton at similar population densities. Growth rates at 
Millport during the first growing season were calcu- 
lated from measurements made of isolated individuals 
in photographs of the same area near MTL, taken in 
June and November, 1954. To obtain the growth 
rate from Hatton’s data, the sizes late in August, 
1930, were taken from his curves of level ITI, MTL. 
This was the date when the maximum size was reached 
at St. Malo; after this the curves decreased, probably 
because of selective predation. All the growth rates 
were calculated as beginning at the same average 
size as that found in June, 1954, at Millport, 1.9 
mm. The time interval from Hatton’s curves was 
taken between the date when the average size was 
1.9 mm and the date of maximum size in late August. 
These readings and the calculated mean specific 
growth rates are given in Table 11. This method, 
using only the period of apparent maximum growth 
ai St. Malo while taking a longer span for the Muill- 
port measurements, probably tends to underestimate 
the Millport rates as compared to St. Malo. How- 
ever, the growth rate was still greater at Millport. 
At the same population density and shore level, 
crowding would be expected to be more intense at 
Millport. 

The foregoing analysis has dealt with the mortality 
during the growing season. However, it must be 
kept in mind that while some barnacles are killed 
during the growth period, others may die during 
the winter as a result of being crowded earlier. This 
delayed mortality is illustrated by the mass destruction 





TABLE 11. Comparison of the growth rate of Balanus 
balanoides at Millport and St. Malo during the first 
growing season. All barnacles were growing without con- 
tact on intertidal rocks. 


Millport, just above and below MTL. 














| 
June 11, 1954 | Nov. 3, 1954 | 
pees hes es aie _| Mean specific | Absolute 
| | growth rate growth rate 
| Ave. Ave. | per day x 100 | per day x 100 
Number length Number | length 
measured | inmm. | measured in mm. | | 
39 1.9 as 


48 | 0.59 | 1.93 


| 


St. Malo, data from Hatton (1938). Level III, just below MTL. About 50 indi- 
viduals in each measurement. 





| 
| Date when | GREATEST AVERAGE 


; average Size REACHED IN THE | Mean specific| Absolute 
Location | length was First Six Mos. growth rate | growth rate 
| 1.9mm. a Poe _____|per day x 100|per day xj100 


1 
Date Length 


Decolle Ouest 


| 
| 
| 
| 
| 





April 15 | Aug.25 | 3.4 0.44 1.136 

Decolle Est...| May 10 | Aug. 25 3.0 0.42 1.027 

Cite ..| April 18 | Aug. 20 3.5 0.48 1.240 
i 





in storms in late autumn and winter of populations 
which had developed the “hummocks” described 
earlier. Even at levels above MTL, where hummocks 
rarely formed, crowding produced some individuals 
of unstable form, squeezed between normally-shaped 
ones. An analysis of the mortality during the winter 
on Area 1 is given in Table 12. For those areas at 
the same level which had higher population densities 
at the end of settlement, and had thus experienced 
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TABLE 12. Mortality during the winter months, Novem- 
ber through February, in relation to the population den- 
sity a month after the end of settlement. Only bar- 
nacles on Area 1 in cages, protected from predation, were 





considered. (1954 settlement in their first winter.) 
| 
Height Population | % Mortality 
Level of | above MTL | Cage Density Nov., 1954 
Area 1 in feet | No. | July 5, 1954 through 
| | Feb., 1955 
ee ene | oa i hea iki a 
Upper..... 2.6 70 69 
Upper..... 2.6 | 2 | 6 f 29 
—_———— _ _ ——__ —__— | _ ———|- — ——— 
Middle... . 2.1 Zz | 57 55 
Middle... . 2.1 Mes 23 27 
Middle... . 2.1 i 24* 27 
Middle. . 2.1 4 | 15* 20 
ee 1.5 1 21 52 








* These densities indicate values for July extrapolated back from August 1, 
when the first counts on these two areas were made, 





greater crowding, the mortality during the winter 
was also higher. 

The effect of variations in population density on 
mortality during the first growing season was in- 
vestigated by calculating the percentage mortalities 
for all the squares on Area 1 and for the experimental 
stones for the six months after the end of the settle- 
ment seasons of 1953 and 1954. The relation between 
these mortalities and the population densities at the 
end of settlement is shown in Fig. 11. The effect of 
differences in growth rate is minimized if points rep- 
resenting areas at the same shore level are com- 
pared. Except for a few of the areas at the lowest 
levels, mortality varied directly with density. Above 
50 per cm? there was little increase in mortality. 

To study the effect of population density on mortal- 
ity later in life, those populations of Area 1 pro- 
tected from predation by cages were used. For each 
year class the percentage mortality was calculated 
over the same six-month periods as were used in the 
calculations for Fig. 11. No consistent increase in 
mortality with increasing density was found in the 
older groups. Although growth continued in the 
second season, the densities were low, so that the 
effects of crowding were reduced within this year 
group. In the third and fourth summer seasons both 
the densities and rates of growth were low, as was 
the mortality. 

Another study has been made of the effect of 
crowding on mortality by Deevey (1947), using the 
data of Hatton (1938) from St. Malo. He ecaleu- 
lated a “crowding coefficient,” which was the number 
of binary contacts per sq em, a function of population 
density and average size. When the coefficients were 
compared to the average expectation of life for the 
various populations no consistent correlation was 
found. When the average expectation of life was 
calculated starting at settlement, populations with 
from 7 to 76 binary contacts per sq em showed about 
the same expectation of life; only the population 
with a coefficient of about 1.0 had a better expectation. 
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balanoides at the end of settlement on mortality during 
the first growing season. Both the 1953 and 1954 settle- 
ments were included. 


From the age of 6 months onward, barnacles at high 
shore levels had high expectation and low coefficients; 
at other levels there was no consistent trend. These 
findings agree with those of the present study, that the 
mortality of older barnacles was not correlated with 
crowding. 

An analysis of Hatton’s data was made for com- 
parison with that in Fig. 11. The percentage mor- 
tality for the first six months after settlement (May 
15-November 15) was not correlated with the density 
at the end of settlement. This agrees with Deevey’s 
calculation when the first six months were included. 
The reasons for the differences between these findings 
and those of the present study shown in Fig. 11 
are probably that at St. Malo the densities were low 
(4 to 24 per em”) and the growth rate slower, both 
tending to decrease crowding. 

One possible defect in Deevey’s “crowding coeffi- 
cient” is that it ignores the fact that barnacles of 
similar size may grow at different rates at different 
shore levels. Thus with the same “erowding co- 
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efficient,” physical crowding might be expected tv be 
more intense at low shore levels; hummocks are 
seldom encountered above MTL, even though densities 
may be great. 

In an attempt to estimate the proportion of the 
total mortality which might have been due to crowd- 
ing, a series of photographs of the area enclosed by 
the Middle Cage 1 were studied. This area was 
protected from predation for over 2% years; photo- 
graphs taken at intervals during this period are 
shown in Figure 19. When the area was first mapped 
in November, 1952, the younger age group, aged 6 
to 7 months, was distinguished from the barnacles 
18 months of age and older, as deseribed in the intro- 
duction. 

Of the 62 individuals in the younger group, 48 
died within a year; 9 of these were attached to older 
individuals which died and fell off, carrying the 
younger ones with them. Eight died in situations in 
which no crowding was apparent. The remaining 
31 deaths, 65% of the mortality, may possibly have 
resulted from crowding. Some of these oceurred in 
barnacles situated between others which grew ap- 
preciably during the year. Where young barnacles 
were attached high on the side of older ones they 
often grew rapidly. When this led to their over- 
hanging other young individuals, the lower ones often 
died, possibly from impedance of their cirral activity 
or reduction in the amount of water circulating over 
them; they might even have been crushed by the 
upper one. 

Of the 63 barnacles in the older groups in this 
cage, 21 died in two years. Nine, or 43%, resulted 
from crowding. Four were smothered by the growth 
of young ones attached near the top; five were of 
small size and may have been crushed by slight growth 
of their neighbors. Two were carried away when the 
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shell of a large dead one fell off. Ten died with- 
out apparently having been crowded. Some of these 
were very large and may have died of old age, proba- 
bly a rare occurrence in natural populations. How- 
ever, at the upper shore limit of distribution of this 
species, where predation by Thais lapillus is absent, 
very large barnacles occur commonly. In this situa- 
tion, deaths from old age may be a regular occurrence; 
the protection given by the cages on Area 1 seems 
to have produced a similar situation at a lower level. 

When a small population is examined in detail in 
this manner, it is impossible to assign a definite cause 
of death in many cases. However, the good cor- 
relation of higher mortality with faster growth and 
higher population density indicates that crowding 
yas one of the important influences in the populations 
studied at Millport. As growth slowed with in- 
creasing size and age, the importance of crowding 
decreased as that of predation increased. 


MORTALITY AT HIGH SHORE LEVELS 


Toe Upper Limit or Balanus balanoides DistriBv- 
TION. 

Near HWN the upper limit of distribution of Bal- 
anus balanoides merged into the bottom of the narrow 
Chthamalus stellatus zone. Little crowding occurred 
at this level since the population density was low and 
growth slow. Three squares were mapped above 
MHWYN on the rock face above Area 1. A cage and 
netting “cover” were attached at first, but since no 
Thais were observed at this level and since the survival 
was the same after a year on all the squares, the 
cage and cover were removed. The results of these 
counts are given in Fig. 12, all three squares being 
combined. This will be referred to as the Top level, 
Area 1. 


St Malo, France 
Niveau tl: MHWN 
(HATTON 1938) 
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AGE FROM ATTACHMENT 
Fig. 12. Survival curves for Balanus balanoides at the top level, Area 1, (where it was mixed with Chtha- 
malus stellatus); curves from a similar level in Brittany were replotted from Hatton (1938). 
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In the first mapping in December, 1952, the 1952 
year class was distinguished from the previous settle- 
ments by its smaller size and the smoother appearance 
of the shell surface. As explained earlier this method 
is probably valid for distinguishing the youngest age 
class from older classes. Because of the slow growth 
at this level the average size difference between the 
first and second year individuals was less than that 
of the populations low on the shore. For the small 
number of individuals where uncertainty existed, the 
numbers were divided equally between the 1952 and 
the older group. 

The data from the equivalent level at St. Malo 
from Hatton’s (1938) study are also shown in Fig. 
12. At both places the greatest mortality occurred 
in the first six months after attachment. The survival 
was good after this except for the spring of 1955 at 
Millport; this heavy mortality will be discussed later. 

The curves in Fig. 12 were arranged so that the 
survival of the different year classes could be com- 
pared at the same age. Only the 1952 year class 
survived well after the first year of life, and except 
for a short time after each settlement season, out- 
numbered the other year classes for the whole study 
period. The almost complete destruction of the 
1953 class soon after settlement eliminated that group; 
for the 1954 class the early mortality was less but the 
mortality in 1955 at eleven months of age greatly 
reduced the density. The 1952 group probably had 
an unusually favorable period in early life. It and 
the pre-1952 and 1953 groups were better able to 
withstand the heavy mortality in the spring of 1955, 
apparently by virtue of their greater ages. 

At this level on the shore, where some individuals 
survived for at least four years, one year class out- 
numbered the rest. The occurrence of a “dominant 
year class” is common in fish populations. Most 
workers in fisheries biology who have studied this 
problem have concluded that it had resulted from 
variations in the survival of the planktonic larvae (ef. 
Hjort 1926, Sette 1943, Carruthers et al. 1951). In 
the present barnacle populations the recruitment from 
the plankton was remarkably uniform from year to 
year. The “dominance” of the 1952 year class shown 
in Fig. 12 was the result of variations in mortality 
within the first year after settlement. At lower levels 
where the length of life was rarely more than two 
years, there was obviously no opportunity for domi- 
nant year classes to exist. Where areas had been 
protected for a long time from predation, members of 
the older year classes occupied most of the space 
(ef. Fig. 19), when normally they would probably 
have been eliminated by predation. 


An Unusvat OccurrENCE oF High Morrauity IN 
THE UPPER SHORE LEVELS. 


Sometime between the censuses of mid-March and 
early June, 1955, great mortality occurred at and 
above the upper level of Area 1, as shown in Figs. 12 
and 16. This mortality might have been expected 


among the barnacles which were still growing and 
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each other but its occurrence among clder 
barnacles at the top level and inside the cages at the 
upper level was very unusual. The mortality rate 
was much lower during the period before the next 
census in late June. 

Predation was not involved since the caged popu- 
lations also suffered this mortality; no instances were 
observed of older barnacles being smothered by 
younger ones. The mortality during this period of the 
Chthamalus stellatus on the top level of Area 1 is 
compared to that of Balanus balanoides in Table 13. 
All ages of Balanus suffered heavy mortality, while 
only the youngest Chthamalus died in great numbers. 
A similar but lesser mortality occurred during this 
period at the middle level but almost none at the 
lower level of Area 1 (Figs. 17 and 18). This pro- 
gressive lessening of mortality at lower levels sug- 
gested that the cause might be related to some del- 
eterious effect of exposure to air. 


crowding 


TABLE 13. Mortality of Balanus balanoides and 
Chthamalus stellatus from February 13 to May 28, 1955 
on Area 1, Top level (MHWN). 





Ace Group 

















| Older 
than 1952 1953 1954 

1952 
Number present, Feb.: Balanus.......... 5 70 8 93 
Chthamalus . 173 42 143 159 
% Mortality by May: Balanus.... ‘ 40 53 37 92 
Chthamalus. ... 0 0 5 62 





A tide gauge had been operating for a year pre- 
viously at Keppel Pier, 1/2 mile north of the study 
area. With the aid of the tidal records, an analysis 
of the degree of exposure to air of the Upper level 
on Area 1 was made. 

Measurements on Area 1 indicated that the height 
of the upper level was 8.6 ft above Ordinance Datum, 
and that the vertical amplitude of the waves was 
2.5 times that recorded by the tide gauge. The 
ability of the gauge to record waves was very im- 
portant, since it was necessary to determine how 
long the level concerned remained dry. The gauge 
recorded the waves caused by the frequent steamer 
passages which would wet levels above high tide 
even on very calm days. Each such passage resulted 
in a series of waves lasting less than one minute. 

The records from March 1954 to May 1955 were 
examined and all high tides which did not reach 
8.6 ft were noted. The only periods of exposure 
longer than three high tides during this time occurred 
in March and April, 1955, when such periods of 4 
and 6 tides respectively, occurred. The weather in 
April was warm and calm, whereas during the period 
of exposure in March it was cooler and rainy. 

The period in April was investigated in detail; be- 
tween April 16 at 0540 and April 18 at 2110 the 
level was untouched by any wind-driven continuous 
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waves. Between these times waves caused by steam- 
ers passing close to the shore wet the level only six 
times, occurring in three of the four high tides. 

This exposure of about 60 hours with only six 
short wettings appears to have been fatal to many 
of the barnacles. Previous exposures of shorter 
duration did not cause such high mortality. It would 
probably be safe to say that no such long exposure 
had oceurred in the past 2 1/2 years, since no similar 
mortality of older barnacles had occurred on the 
top or the upper level of Area 1 (Figs. 12 and 16). 
In this locality the combination of ealm warm weather 
and the very small amplitude of neap tides is evidently 
fairly rare. 

At the top level of Area 1, the effects of these 
rare periods are probably the main causes of death 
for those individuals which survive the period im- 
mediately after settlement. The survival curves in 
Fig. 12 indicate that very little mortality normally 
oceurs after the first year of life so that accidents 
must be very rare; death from old age may occur 
in a few cases. 

Since the unusual mortality of 1955 occurred with- 
in and just below the zone of Chthamalus, it may 
have provided space for a downward extension of 
Chthamalus in its autumn settlement. The settle- 
ment of Balanus in late April filled the existing spaces 
but the delayed detachment of dead individuals during 
the summer would probably provide more bare areas 
than in years when no such mortality occurred. 

Hatton (1938) dealt at some length with the settle- 
ment, growth and mortality of Balanus balanoides 
at high shore levels. The density at the end of settle- 
ment and the growth rate at his level II, HWN, were 
lower on surfaces which faced south than on those 
which faced other directions. If shade was provided, 
the density was the same at all orientations. Since 
all the surfaces dried out quickly in the shade, Hatton 
considered that the observed differences were a result 
of the effects of direct sunlight. 

Young barnacles were observed to settle during 
spring tide periods up to 1 1/2 meters above the 
adults; the young usually all died during the next 
period of neap tides. Hatton placed rocks bearing 
newly attached barnacles above the tidal range; all 
were dead after a week of continuous exposure to air. 

Hatton transplanted rocks bearing barnacles from 
his level II at HWN to level I at HWS, where no 
adults occurred. In an observation a week later 
it was found that the very young barnacles were all 
dead while those aged two months and any older 
adults lived four to six months longer. In contrast, 
young Chthamalus stellatus moved from levels II to 
I suffered only 26-40% mortality after nine days; 
adult Chthamalus occurred normally at level I. 
Settlement densities and growth rates of Chtha- 
malus at these levels were similar on surfaces facing 
south or north. 

Hatton performed two other interesting experi- 
ments. He fixed a basin of sea water at HWS with a 
tiny hole so that the water dripped slowly out. Young 
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Balanus survived and grew for three months only 
where the rock was wet, even though the salinity of 
the water varied. He also transplanted rocks bearing 
barnacles two years of age from levels IV to II, 
LWN to HWN. Barnacles of this age left at 
LWN lived only a few more months, but the ones 
moved to HWN lived there for two more years, re- 
sembling those which had lived at this level all their 
lives. Southward (1958) found that Chthamalus stel- 
latus could withstand higher sea water temperatures 
than Balanus balanoides in the laboratory. Both 
species endured water temperatures greatly in excess 
of those which occur in their natural environment. The 
relative tolerances of the two species confirm the pres- 
ent findings and those of Hatton that Chthamalus 
lives higher on the shore because of its ability to with- 
stand greater extremes of heat or desiccation. These 
factors, probably in combination, determine the upper 
limit of Balanus distribution, acting more severely on 
the barnacles in their first year. 


PREDATION BY THAIS LAPILLUS ON 
BALANUS BALANOIDES 
This interaction was studied by determining the 
seasonal variations in population density, movement 
and feeding rates of Thais, while at the same time 
recording the mortality ot Balanus populations either 
protected from Thais by cages or open to predation. 


PopuLation Density or Thais 

At each visit to the study area, counts were made 
of the numbers of Thais on certain areas, such as the 
boulders of Area 3. Also, a map of Area 1 was 
made showing the position of rock irregularities and 
cages; the positions of the whelks were plotted on 
copies of this map at each visit. These records were 
used to calculate the population densities at dif- 
ferent levels on Area 1, corresponding to those levels 
where the barnacles were being studied. In 1953 
and 1955 some of the Thais were numbered with 
India ink on a small part of the shell which had 
been filed clean. When dry, the number was covered 
with a mixture of “Distrene,”’ a transparent plastic, 
dissolved in xylol, as described by Quayle (1952). 

It was assumed that those whelks which occurred 
on areas covered with barnacles were actively feed- 
ing. By slowly tilting one of these whelks away 
from the surface, it could usually be observed to be 
feeding on a barnacle, whose opercular valves would 
often be gaping open. Of about 400 whelks thus 
observed on Area 3 in May, 1955, two-thirds were 
found to be actively feeding. The remaining third 
were clinging to the rock or to a barnacle, but not 
feeding; it is probable that these whelks were ex- 
posed by the tide while moving from one barnacle 
to the other. In crevices, on the under sides of 
boulders, or among algae, whelks were observed which 
were not feeding. 

The average density of Thais at various levels on 
Area 1 is given in Table 14; each level was divided 
into seaward and landward halves. No Thais were 
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TABLE 14. 


Distribution of Thais lapillus on Area 1, at different levels and seasons. 
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For the ‘‘ coefficient of 


dispersion’’ values, 1.0 indicates random occurrence; those in brackets did not deviate significantly from random. 


All the others show aggregation. 





















































AVERAGE No. PRESENT PER OBSERVA- FisHEer’s “COEFFICIENT OF DISPERSION” 
TION ON O.1 am? oN Eacu AREA OVER THE STATED PERIOD 
Side and Level _ _ — —--)—-~ --— 
Autumn Winter Spring Autumn Winter Spring 
All a —|——-- —— — 
seasons | 1953 & 1954| 1954 & 1955 | 1954 & 1955 | 1953 & 1954 | 1954 & 1955/ 1954 & 1955 
Seaward Side 
SNE 55,355 5 05's o5w.0/e.5% 1.9 4.2 0.3 0.7 2.7 (1.5) (1.3) 
EE BOVE 6.5 aa. sins cease 4.7 7.8 0.8 2.7 10.5 (1.5) 2.9 
Sere 4.8 7.5 1.0 4.4 6.4 (1.4) 2.4 
Se rae 8.3 12.5 3.7 6.2 4.7 2.4 2.9 
Landward Side 
NN TNNNINS sii 5 ene 5 .0/056 4: 0.8 0.7 0.6 0.4 1.6 (0.9) (1.2) 
CO | eee 3.8 4.8 0.6 3.2 (1.4) 2.0 4.6 
Middle level.............. 3.4 3.0 0.9 3.7 3.5 2.0 3.0 
A Pare 3.2 6.5 1.7 2.7 3.2 3.4 (1.3) 
No. of observations in each 
I hts 2: x'g)s pawthn"s 141 34 46 61 34 46 61 





ever seen at the “top” level of Area 1. . The whelks 
were more abundant on the seaward side at each level. 
The density at the highest level was markedly less 
than that lower down, but there was little difference 
between the other levels, except that the seaward side 
of the lowest level supported a much higher density 
than the others. It seems that the inhibiting effect 
of increased air exposure began to be important only 
at the high level of Area 1, just below MHWN. 

In Table 15 the population densities of Thais are 
compared between the low level of Area 1 and three 
of the boulders of Area 3. The monthly means were 
used, since the number of observations in each month 
varied; the period between January and June, 1954 
was excluded from the calculations since Area 3 was 
bare of barnacles at that time, while Area 1 had 
barnacles. Boulder 6 had significantly fewer Thais 
than the other two boulders, but no other differences 
of this magnitude were found. The Thais population 
on boulder 6 showed the greatest fluctuations (Fig. 
13) and the lowest density. As shown in Fig. 9, 
this boulder also had the fewest barnacles. 


TABLE 15. Population densities of Thais lapillus, 
Areas 1 and 3. The values are averages of the monthly 
means (see Fig. 13 and 14), excluding the months of 
January to June, 1954. 








Ht., feet No. of 
Area above or monthly Mean 
below MTL |means used} no./m? 
Area 1, Low level only . +1.5 14 54.5 
Area 3, Boulder 1..... —0.9 14 76.5 
Area 3, Boulder 2..... —0.9 14 88.5 
Area 3, Boulder 6..... —-1.9 13 56.1 














_ Using the Mann-Whitney U test, the monthly means were compared between 
pairs of each of the four areas. The only significant differences (p—=.05) found 
were those between boulders 1 and 6 and between boulders 2 and 6. 











Several other authors have made observations on 
the distribution and abundance of Thais. Moore 
(1938b) on the island of Skye, counted the maximum 
number, 200/m?, at a level between MTL and HWN;; 
the density decreased above and below. Thais did 
not extend upward as high as did Balanus; whelks 
of less than 0.5 em height occurred orily below MTL. 
Barnes & Powell (1950) counted the whelks during 
the summer of 1949 at Millport at three levels, MTL, 
LWN and below LWN. More Thais, to a maximum 
number of 150/m*, oceurred at MTL than at the 
lower two levels. The lowest area never had more 
than 12/m*. As the barnacles were stripped off by 
wave action in the autumn, the numbers of Thais also 
decreased to densities of 3—25/m? in November. 
Southward (1953), at two localities between the neap 
tide levels on the Isle of Man, gave average densities 
of 1.0 and 0.5 per m?, with maxima of 31 and 12 
per m?. These Thais were all feeding on barnacles. 
From all these observations, it appears that on shores 
covered with barnacles, Thais is most abundant at 
mid shore levels. The upper limit is probably a 
result of decreased tolerance to increased exposure 
to air, while the decrease toward the lower levels 
may be a reflection of the decrease in the population 
density of barnacles, as on Boulder 6, Area 3. 

Whelks were sometimes observed in dense groups 
rather than scattered over the area at any one level. 
This was sometimes due to the presence of a eon- 
centration of their prey, as when on two oceasions 
cages temporarily were removed (Fig. 16), so ex- 
posing barnacles which had been protected for some 
time. In both cases, these barnacles were much larger 
than those on the surrounding area; since Thais selects 
larger barnacles if given a choice, this was obviously 
an area on which they might be expected to feed. 
In both instances, the whelks congregated on the 
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Fig. 
month on Areas 1 and 3. 
made during a month a dashed line crosses the space. 


When no observations were 


small area where the large barnacles occurred so 
as to almost completely cover it. 

During any one season the numbers of whelks which 
were observed to be feeding on the barnacles varied 
greatly from day to day. This irregularity in oe- 
currence was analyzed by the same method used to 
study spatial distribution. Fisher’s “coefficient of 
dispersion” (Blackman 1942, Holme 1949), calculated 
by dividing the variance by the mean, was used. The 
formula used was: 


L (x-x)? 
x(n-1) 


The limits of significance were calculated using the 


formula: 
ace J 2n 
(n-1)? 


The results of this analysis are given in Table 14. 
A coefficient of 1.0 indicates a random distribution; 
all the coefficients which were significantly different 
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from a random distribution were greater than 1.0, 
indicating aggregation. 

This variation is probably a result of short term 
changes in weather; during gales or periods of cold 
weather, whelks tended to congregate in crevices, 
on the lee side of boulders, or in algal growths. This 
variation in occurrence would tend to make estimates 
of density less precise than if the whelks occurred 
regularly or at random. 

In Figs. 13 and 14 are shown the monthly mean 
population densities of ZVhais on Areas 1 and 3. 
The lowest densities were found from January to 
March, during which period the temperature of the 
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Fig. 14. Average densities of Thais lapillus for each 


month on each level of Area 1. When no observations 
were made during a month a dashed line crosses the 
space. 


water was at its minimum (Barnes, 1955). An ex- 
ception to this occurred in February, 1955 at the 
lower levels of Area 1. 

The few individuals which were observed feeding 
in winter were mostly small, with thin lips to the 
orifice of their shells. The higher proportion of 
young individuals among those feeding in the winter 
is shown by several counts made at different seasons, 
when large and small whelks were distinguished 
(Table 16). Moore (1936b) has shown that this 
thin-lipped type of shell indicates immaturity. Moore 
(1938a) showed that the tissue weight of mature 
Thais dropped sharply in February and March, and 
then began to increase. Immature whelks showed 
no such drop in weight in winter. Moore ascribed 
the weight decrease either to loss of reproductive 
products or cessation of feeding by mature whelks 
during the main spawning period, January to April. 
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TABLE 16. Proportion of immature Thais lapillus in 
the population in the different seasons. 
No. of Thais 
Total No. | which were | % of total 
Month No. of | Thais small, lips of | which were 
observations observed orifice thin small 
Area 2, MTL 
ee | 
December, 1953....... 5 | 151 85 | 56 
January, 1954......... 10 147 105 71 
February, 1954. . 3 45 39 | 87 
March, 1954.......... 5 | 19 14 74 
April, 1954 & 1955..... 4 | 24 7 | 29 
Shore transect, HWN to LWN, most Thais found at MTL 

August, 1953. inane 1 | 1344 | 576 | 43 








Area 1, above MTL 





February, 1955........ a 43 Oo | 3 
March, 1955.......... | 1 | 12 | 





From the present evidence, it seems that the latter 
reason may account for much of the decrease. 

The seasonal variation in numbers of Thais ob- 
served feeding at any one location may have been 
a result both of changes in the proportion of time 
spent feeding and of changes in the total population 
size. If it is assumed that in the same month in two 
different years Thais spent the same proportion of 
time feeding, a comparison of the numbers observed 
in the two months should reveal any annual changes 
in population size. In the records of Thais over two 
years those in the months of August, September, De- 
cember and January were inadequate. For the other 
eight months an average density was available for 
each month in two successive years (Figs. 13 and 
14). 

On Area 1, as shown in Fig. 14, in many of the 
months of 1954 greater numbers of Thais were ob- 
served than in the corresponding months in 1953 
and 1955. On Area 3 (Fig. 13), the opposite was 
the case except for the autumn season. Using the 
sign test (Siegel 1956), the monthly means of Thais 
density in 1954 were compared with those of 1953 
and 1955. For Area 1 there were significantly greater 
numbers in 1954 (p=.032), whereas for Area 3 the 
numbers were significantly fewer (p=.013). 

For the first months of 1954, Area 3 and the low 
shore in general was almost completely bare of bar- 
nacles, those of the previous year’s settlement having 
been stripped off following “hummock” formation 
as shown in Fig. 9. With little food at the lower 
levels it might have been expected that the Thais 
population would shift upward to shore levels at 
which barnacles persisted, increasing the density of 
Thais at and above M.T.L. That such a shift prob- 
ably occurred is shown by the low numbers on Area 
3 and the high numbers on Area 1. 

Thais were first seen feeding on the barnacles of 
the 1954 settlement on Area 3 in July, 1954. These 
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barnacles, having settled less densely than those of 
the previous year, then survived for over a year. 
Presumably as a result of the reestablishment of this 
food supply at low shore levels, the density of Thais 
was greater on Area 3 from the autumn of 1954 
through June, 1955 than in these months the previous 
year. On Area 1, changes in the opposite direction 
were occurring; in the autumn of 1954 the density 
decreased at the upper levels and increased at the 
lower levels. The density in the spring of 1955 
was much lower at all levels of Area 1 than it had 
been in the spring of 1954. From these considerations 
it appears that the annual changes in the Thais 
population shown in Figs. 13 and 14 ean be accounted 
for in large part by vertical redistribution of the 
population rather than by increases or decreases in the 
total population size. 

There is little published information on mortality 
of Thais lapillus. Orton & Lewis (1931) reported a 
great mortality of Thais lapillus on oyster beds in 
southern England in an unusually cold winter. In 
a fecal pellet of the purple sandpiper, Calidris mari- 
tima (Brunnich), collected at Millport in January, 
were found 28 spires of small Thais. They cor- 
responded in size to whelks 1-9 mm in length. Shells 
of Thais were found in a nest of the herring gull, 
Larus argentatus Pontopp., and oyster-catchers and 
thrushes have been seen eating Thais (Moore 1938b). 
A few Thais were found in the stomachs of two fish, 
one Labrus bergylta and one Gadus virens, caught in 
the intertidal fish trap at Millport in August, 1953. 
Moore (1938b) estimated that Thais may live at least 
four years on the Isle of Man. In the present study 
a marked Thais lived to an age of at least three years. 

None of these observations help in judging whether 
the mortality rate of Thais is greater at any particular 
season at Millport. Predation by fish would be ex- 
pected to decrease in winter, while that of birds 
might be relatively constant throughout the year. 
Gales occur at all seasons. 

As shown in Table 16, the proportion of large clder 
Thais was least in February, increasing in the spring 
as the numbers feeding also increased. This dif- 
ference in both age structure and numbers was the 
most pronounced seasonal change in the Thais popu- 
lation during the year. One explanation might be 
that a great number of the large mature Thais died 
in January and that the younger ones grew through 
the winter so that they appeared in the spring as the 
mature members of the population. This would mean 
that few of the Thais lived more than a year after 
reaching maturity and that growth was rapid in 
winter and spring. Moore (1938a) found that on the 
Isle of Man Thais grew for about three years before 
attaining maturity, after which time growth stopped. 
Growth occurred at all seasons at an average annual 
rate of about 10 to 15 mm, but was somewhat faster 
in the warmer seasons. In a small collection of Thais 
made in July at Millport, the thin-lipped immature 
forms had a height range of 1.1 to 2.7 em, while the 
thick-lipped mature forms showed a range of 2.5 to 
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3.4 em. If the growth rates were similar to those 
on the Isle of Man, the Thais at Millport would be- 
come mature in about two years. 

The appearance of many large mature Thais, often 
with heavily eroded shells, in the spring makes it 
seem unlikely that these all developed from the small 
whelks which constituted the winter feeding popu- 
lation. A more likely cause for the decrease of 
numbers observed in winter and the increase in spring 
is that Thais spent a smaller proportion of its time 
feeding in winter and increased the proportion in 
spring. This would account for the reduction in 
tissue weight of mature individuals in winter, as re- 
ported by Moore (1938a). For each season the 
density of the Zhais population is correlated with 
the sea water temperature (Table 21); this might 
be expected if the differences in density were a result 
of changes in activity. 

Thais were first counted when they were about 
one centimeter in height. It takes about 16 months 
after egg laying for the whelks to reach this size, 
four months being spent in development in the 
capsule. Since the main egg-laying season lasts for 
six months, with some laying all year, and since 
some individual variation probably occurs, some in- 
dividuals are probably attaining the size of one 
eentimeter at all seasons. There does not appear 
to be any particular season when young whelks enter 
the population in great numbers. Regarding the 
mortality of Thais, the evidence is sparse; no ex- 
ceptionally cold periods occurred during the winters 
of 1954 and 1955, and predation did not appear to be 
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heavier at any particular season. Thus the size of 
the Thais population seemed to be relatively steady, 
annual variations slight and the seasonal variations 
probably due mainly to the whelks spending less 
time feeding in colder periods. 


MoveMENtTsS DurinG FEEDING 

Since the positions of the marked Thais had been 
plotted on maps at each observation, movements could 
be measured. Only those observations made at con- 
secutive low tide periods were used so that each 
record represents a movement during a single high 
tide period. 

These records do not accurately represent the 
activity of Thais for several reasons. The whelks may 
not have moved in a straight line, as the distances 
were measured. In addition, all movements to and 
from shelter were excluded; these were probably 
longer journeys than those made while feeding. 
Thirdly, since the observations were made on a small 
area, usually about one square meter, the more 
sedentary individuals would tend to be recorded 
more often, while the more active ones, once they had 
left the area, would be missed. 

The pattern was usually one of a series of short 
movements followed by one or more longer move- 
ments. For example, three whelks which had been 
observed for 8 or 9 consecutive low tides showed the 
following sequence of movements (distances in cen- 
timeters) : No. 1: 2, 3, 20, 8, 34, 7, 5; No. 2: 2, 14, 
13, pi, 3, 28, 173 No. 3: 2,4, 8, 22,1, 1,8, 13. & 
























































TABLE 17. Distances moved by Thais lapillus while feeding on Balanus balanoides, expressed as a frequenrey dis- 
tribution. Thais were marked individually and observed at a series of low tides during the periods shown. 
NuMBER OF MoveMENTs IN Eacu Distance Cass 
| Low shore levels Area 1 
OE Ae eT July 18-19 July 28-Aug. 2 July 27-30 Dec. 7-16 | Apr. 25-May 28 
1953 1953 1953 1953 19, 
A a B Cc B Cc 
Height from MTL:...........| —0.5 | —0.9 | —0.5 | —0.9 +1.5 to +2.5 
E Bee teers = 
No. of Thais observed:.......| 16 28 12 29 4 9 | 4 
No. of successive low tide 
Oe ere eee: 3 2 12 9 7 7 16 
eee 20 6 13 65 13 10 3 
5-9 4 8 24 25 1 6 4 
2 | Sarre 6 2 18 7 2 4 8 
Centimeters cn aw ne — 
moved in one 15-19....... 3 4 5 4 2 3 4 
high tide. | | See 2 8 5 6 0 0 1 
25-29 1 3 1 2 0 0 2 
30-34. . 0 3 1 3 1 1 2 
2 7 10 1 2 0 0 5 
Total no. of observations..... . 43 44 69 125 19 24 29 
Mean distance in centimeters 
moved per tide.............. 14 19 7 8 5 6 18 
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is probable that the whelks did most of their feeding 
during the more sedentary periods. 

Most of the observations were made during the 
summer of 1953. A few others were made on Area 1 
in other seasons. In Table 17, frequency distributions 
of the movements are given. At low shore levels on 
slightly sloping rocks (series B and C, Table 17) 
the distances moved during the first, shorter, summer 
period were much greater than those during the second 
longer one. This is probably because the more active 
marked animals, present at first, gradually left the 
area, leaving only the more sedentary ones to be 
recorded later. In the second period it was noticed 
that during some high tides most of the whelks had 
moved very little, while in others, a greater proportion 
of longer movements had been made. No correlation 
of these differences with weather was apparent. 

On Area 1, a vertical surface at a higher level, 
fewer Zhais were marked. The movements were 
shorter that at low levels. In December the move- 
ments were about the same as in July, but in the 
late spring of 1955 they were much longer. This 
difference is probably not due to selection for active 
individuals, as occurred in the low shore observations, 
since the period of observation was a long one. Evi- 
dently Thais is more active in the spring. 


Tue Rate or FEEDING oF Thais ON BARNACLES 

In any predator-prey study, the measurement of the 
feeding rate of the predator is obviously important. 
In order to do this, whelks were enclosed in cages 
with barnacles which were counted periodically. An 
adjacent empty cage served as a control. The physical 


TABLE 18. 
Thais is the height in em. 


Feeding rates of Thais lapillus (no. of Balanus balanoides eaten per day by one Thais). 
See text for method of computing the relative volume eaten. 
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conditions were similar in the experimental and con- 
trol cages. In the later experiments several cages 
with Thais enclosed were used to provide replicates. 
Details of the experiments are as follows. 

Experiment 1—July 22 to August 8, 1953, at MTL. 
Two cages were used, one with a Thais inside, the 
other empty as a control. The barnacles were very 
dense, much crowding occurred, and so many deaths 
occurred in both cages that the experiment was ended. 

Experiment 2—September 10 to December 11, 1953, 
one foot below MTL. Here the barnacles were 
seattered and complete counts of living barnacles 
were made at each examination. Two cages were 
used, one with a single large Thais in it, until October 
21; after this two more cages were attached with a 
Thais in each. In December many very small Thais 
began entering the cages so the experiment was ended. 

Experiment 3—November 11, 1953 to August 8, 
1954. Four cages were attached at the Middle level of 
Area 1, about one foot north of Cage 1. Two had one 
whelk each, two were kept as controls. These cages 
had a mesh of 1/4 inch, but the absence of small 
whelks above MTL rendered this large mesh satisfaet- 
ory. In all the other experiments the 1/8 inch mesh 
was used. 

Experiment 4—October 22, 1954 to May 31, 1955. 
Five cages were attached to a slightly sloping rock 
surface five yards east of Area 1 at the height of 
the “Lower” level of Area 1. In three cages two 
Thais were placed in each, in one cage four Thais, 
and one cage was kept as a control. All the whelks 
had thin lips to the orifice, indicating immaturity 
(Moore 1936b). One cage with two Thais contained 
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July 22-Aug. 8, ’53 
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Feeding rate, number...... 2.0 
Feeding rate, rel. vol... . 2.0 
hi Sint) 6, a re | é a se ee 
Experiment 2. Oct. 21-Dec. 11, °53 
|. a ee ..-f 8.1 2.88.1 Ave. 
Feeding rate, number......| 1.9 2.40.7 1.7 | 
Feeding rate, rel. vol....... $.34.11.22.9 | 
Experiment 3. Nov. 11, ’53-Jan. 26, 54) Jan. 27-Mar. 14, ’54 | Mar. 14-Aug. 8, ’54 
Se eee 2.0 2.5 Ate. | 2.02.8 Ave. 2.9 
Feeding rate, number...... 1.40.5 0.9 | 0.1 0.01 0.05 1.4 
Feeding rate, rel. vol....... 190.91.4 | 0.20.03 0.12 25 
Experiment 4. Oct. 23, ’54-Jan. 6, '55 Jan. 7-Mar. 25, 55 | Mar. 26-May 31, ’55 | 
NE ooo 54 9 5.3.64505 ae Sa ee lL. 2a a: 4 P 2 Ss... 
Thais size (average).......|2.6 2.6 2.6 2.7 Ave. |2.6 2.6 2.6 2.7 Ave. |2.6 2.6 2.6 2.7 Ave. | 
Feeding rate, number...... 0.8 0.9 0.4 1.1 0.8 |0.4 0.4 0.2 0.4 0.37/0.2 0.9 0.1 0.4 0.44) 
Feeding rate, rel. vol.......|1.9 3.8 2.6 1.4 2.4 0.6 1.6 0.7 0.5 0.80/0.4 2.1 0.7 0.6 = 
Experiment 5. July 1-Aug. 16, ’58 
ee, ee ee 2.6 2.6 2.41.7 1.6 Ave. 
Feeding rate, number...... 1.8 2.3 2.2 1.5 1.61.9 
Feeding rate, rel. vol....... 4.0 5.1 5.0 3.3 3.5 4.7 














Norn: Jn Experiment 4, Cage 1 had four Thais in, while the other three cages had two Thais each. Cage 4 had only first year barnacles inside, while the other cages 
had three-year groups of barnacles, In all the other experiments there was only one Thais per cage. 
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only first-year barnacles as prey while the other 
four cages contained three year-groups. 

Experiment 5—July 1 to August 16, 1958. Six cages 
were attached at the middle level, Area 1, a+ the same 
level as Experiment 3. A single Thais was placed in 
each of five cages, the sixth being left empty as a 
control. Two of the Thais were small, the others 
being average-sized (see Table 18). The barnacles 
were predominately one year of age. 

Since two or three year-groups of barnacles of 
correspondingly different sizes were present in ex- 
periments 3 and 4, to compare the amounts eaten it 
was necessary to make an estimate of the volume of 
the barnacles consumed. This was calculated using 
the cube of the length, which is proportional to the 
volume. From photographs of experiments 3 and 4, 
the average basal length of barnacles of each age 
group was measured. For barnacles six months of 
age (in the autumn) this was 3.0 mm. The cube of 
the average length of each year group was expressed 
as a multiple of that of the six-month size. In ad- 
dition, the ratios of cubes of length of Balanus 
balanoides at six months to those at 12, 18, 24 and 
30 months of age, were calculated from the growth 
studies of Moore (1934), Hatton (1938), Barnes & 
Powell (1953) and Bousfield (1955) ; the ratios agreed 
well with those taken from the photographs in the 
present study, even though the absolute sizes dif- 
fered. The calculated numbers of each age-group 
consumed on each area were multiplied by their 
respective relative volume and were then summed for 
all the groups. 

The results of all the feeding experiments are given 
in Table 18. The average number of barnacles eaten 
in the autumn was about the same in experiments 3 
and 4, but the volume consumed was greater in 4, 
owing to the larger size of the barnacles present. In 
experiment 4, a comparison of cage 4, which con- 
tained only barnacles of the most recent year group, 
with the other cages, reveals an interesting situation. 
The whelks in this particular experiment appeared 
to be able to open only about 1.1 barnacles per day 
in the autumn, fewer in the other seasons, regardless 
of the-size of the barnacles. The whelks in cage 
4 were consuming about two-thirds the volume 
of barnacles of the whelks in the other cages. 
Assuming that a greater volume means a greater 
amount of food, the whelks in cage 4 would 
be expected to have opened more barnacles if they 
could. There was never a shortage of barnacles in 
any cage. The implications of this finding are that 
it takes about the same amount of time for a whelk 
to open any barnacle, and that therefore it would 
obviously be advantageous for the whelk to select 
larger barnacles. Later in this paper evidence will be 
presented to show that Thais does select larger bar- 
nacles. The evidence that whelks can only open a 
limited number of barnacles cannot as yet be re- 
garded as conclusive. In experiments 2 and 3 dur- 
ing the autumn, and in the other seasons the rates 
were higher. Also, the -whelks in cage 4 may have 
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been exceptionally slow feeders; additional experi- 
ments are required. 

Imprisonment of whelks in cages might have re- 
sulted in abnormal feeding rates, though no evidence 
for this could be obtained. The whelks which were 
marked individually (Table 17) showed an average 
movement of about 10 em per tide. The dimensions 
of the cages in the enclosure experiments were about 
12 x 12 em, so that an average whelk may not have 
been much restricted in its movements by being en- 
closed. Although these whelks could not retreat to 
a refuge to rest, the corner of a cage might he re- 
garded as a protected place. However, individual 
variation might have been enough to produce the 
differences found between the cages in experiment 4. 

The feeding of Thais was not continuous. In order 
to ascertain the proportion of time which Thais spent 
feeding, the records of the whelks which had been 
marked were analyzed. The total population of 
marked whelks present at any one observation was 


TABLE 19. The fraction of the population of Thais 
lapillus which was observed to be feeding ai any one 
time. (See text for explanation.) 





| | 
| _Average | 
Fraction of | Range®of 





No. of Low the Popula- | Fractions 

marked | Tide Obser- | tion Feeding | Calculated 

| vations j|at One Time| from Daily 
Observations 


| 
No. of Thais 
| 


Roar 


Sse 
Area 3, Series B | 
July 18-30, 1953....| 19 | 14 1: 19201... | 88-08 


| 
Area 3, Series C 
82 4 | 


July 18-30, 1953 0.55 -24- .72 
Area I, 

July 18-30, 1953... . | 9 | 49 0.64 50- .78 
Area 1, | | | | 

Dec. 7-16, 1953.. | 11 | 8 0.73 43 - 1.00 
Area 1, Apr. 28- | 

May 16, 1955...... | 10 0.49 12- 





taken to be the number observed feeding on the open 
rock plus those which, though not visible at the 
time, reappeared at a later observation during this 
period. The results of the calculations are shown in 
Table 19. In the summer the population was feeding 
about 60% of the time, in December somewhat more, 
in May, less. 

Another analysis was made of observations taken 
over twelve consecutive low tides in the summer 
to discover the average lengths of the feeding and 
“resting” periods. A summary of these observations 
of 79 marked individuals is given in Table 20. It 
was found that in the summer the whelks only fed 
for about half the time. Most of the periods of 
feeding and of “resting” were short; 70% of them 
were of only one or two tides duration. A few whelks 
fed for relatively longer periods. — 

In contrast to the observations on 82 marked Thais 
made in the summer, the data for the other seasons 
shown in Table 19 are relatively sparse. Therefore, 
another estimate of the proportion of time spent 
feeding was made. In discussing the differenees in 
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TABLE 20. Frequency distribution of, (a.) the number 
of consecutive low tide periods when marked individuals 
of Thais lapillus were observed feeding, and (b.) the 
length of the interval between feedings. These observa- 
tions were made during twelve consecutive low tide 
periods, of 79 marked whelks, series C, on Area 3, 0.9 
feet below MTL. July 27-Aug. 2, 1953. 
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TABLE 21. Proportion of time spent feeding by an 
average Thais lapillus in various seasons, based on the 
densities on Area 1, and the proportion of time spent 
feeding in the summer given in Table 19. 





| | 
| 


| | 
| July- | Oct.- | Jan.- | Apr.- 
| Sept. | Dee. | March} June 





b. 
InrervALs BETWEEN 
Successive Periops or 


Passi | 


OsseRvVED FEEDING 





ACTIVELY | FEEDING 
No. of consecutive tides {oo ; } 
| 
No. of | %of No. of % of 
Observations | total no. | Observations | total no. 
1 103 60.0 74 | 57.4 
We | 28 | 16.3 | 19 14.7 
3 21 | 12.2 i | ‘es 
| | | | 
A ee eee eae) Heme f a 
4 | S: \° ae 9 7.0 
5 ; 4 | 2.3 6 4.7 
6 | 4 6 | 47 
aa a = ~ —} ats | tes 
ae 0 | 0 | 1 | 0.8 
$i, | 2 1.2 1 0.8 
9 | lo i. 2 1.5 
—— ——_—__— —_— — — - — _ _ a —_ — 
10 4 a, a... 0 0 
11. 1 | 0.6 | 0 0 
18... | 1 | 06 | 0 0 
| | } 
Total:. ) 172 | 100 «=6©|)~=—129—Ss«d|~Ss(100 
| | 
= ee eee Z Ss 3 Bran 
Average number of con- | 
secutive tides:. | 2.0 2.2 
| 


numbers of Thais observed it was shown that annual 
variations were small except in spring, 1954, when 
barnacles were absent at low shore levels and the 
Thais were concentrated at higher levels. In addition, 
neither the natality nor the mortality rates seemed 
to vary seasonally so that the seasonal differences in 
numbers probably reflected changes in the proportion 
of time spent feeding. Using the relative numbers 
observed in each season, and taking the proportion of 
time spent feeding in the summer as a base, the 
proportions in the other seasons were calculated 
(Table 21). The averages of the numbers observed 
in each season for two years were used to com- 
pensate for the annual variation, which was slight 
except for the spring. The estimates for the autumn 
and spring are lower than those shown in Table 19; 
the possibility of error in these latter estimates is 
great, however, since the number of marked Thais ob- 
served was very small. Therefore, it was decided 
to use the estimates from Table 21 for the later 
ealeulations of the proportion of barnacle mortality 
due to Thais predation. 

Hanks (1957) has shown that a related whelk, 
Urosalpinx cinerea (Say), consumed clams at a lower 
rate at ‘ower temperatures in the laboratory. It is 
not possible to determine from the data given whether 
the lower rates were due to less frequent periods of 
feeding or to slower activity while feeding. The low 
Thais feeding rate in spring was probably due to 
fewer feeding excursions rather than to a slower rate 
of opening barnacles. This is the spawning season, 











Population density (no/m?) 


| 
1953-54.....| 66 | 51 113 =| 49 
1954-55... | 60 145 | 15 | 21 
jee se wig poscirtanmeihieeantinree 
Average.....| 63 48 | 14 35 
Ratio to July-Sept. value..| 1.0 | 0.76 | 0.22 | 0.51 
eer ener ence ean SSDS SNS a j--—---- |—----— |—---— 
% of time spent feeding. . | 60 46 | 13 | 30 
1949-53 Mean Sea Tem-_ | 
peratdre, °C. gk. eas 13.35 | 10.53 | 7.19 | 9.41 


and Thorson (1958) has brought together evidence 
to show that many marine predators do not feed 
during the period when the gonads are swollen with 
egg or sperm. In Thais lapillus the present study in- 
dicates that the feeding rate was reduced at this time, 
although there is a possibility that feeding may have 
been stopped entirely for shorter periods. 


PREDATION BY Thais THE Balanus 


POPULATION. 


EFFECT OF ON 

As described earlier, cages were attached at three 
levels on Area 1 to exelude Thais. Some of these 
are shown in Figure 15. Oceasionally, small Thais, 
1/2 to 1 em in length, entered the cages through gaps 
at the line of juncture of netting and rock surface. 
These gaps were probably caused by distortion of 
the cage in strong wave action or from crumbling of 
the rock. Since inspections were frequent and the 


likelihood small of a whelk escaping back through the 
gap, it is believed that all these entries were noted. 
To estimate the extent of these lapses in predator con- 
trol, each occurrence was multiplied by half the time 





4, o 

Fie. 15. Photograph of Area 1 made on April 6, 
1954. The original cages and ‘‘covers’’ at the three 
levels are shown; stone 7 is attached to the left at the 
middle level. A true horizontal line would run slightly 
upward to the left, passing through both the center of the 
midde eage and stone 7. The dimensions of the rea 
in the photograph are 1.1 x 0.7 meters. 
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since the last inspection. Summing these average 
times for all occurrences and dividing by the total 
time of attachment of the cages yields the value of 
2.6% as the proportion of time when predation by 
small whelks oceurred inside the cages. Since the 
cages gave complete protection against Thais of 
medium and large size, the method ean probably be 
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First yeor Second yeor Third yoor Fourth yeor 
Yeors after attachment 
Fig. 16. Survival curves for Balanus balanoides with 


and without predation on Area 1, Upper level. The 
period of twelve days in July, 1954, when the cage was 
missing, is shown as a dashed line. The asterisk refers 
to the period in the spring of 1955 when the level was 
exposed to air for several days in warm calm weather. 
The initial number of barnacles counted is given with 


each curve. 


judged effective. With infrequent inspections, modi- 
fications would be necessary. Very small Thais, able 
to pass directly through the 1/8-in mesh, were not 
recorded on Area 1, although their abundance low 
on the shore rendered ineffective there all attempts at 
control by cages. Only one instance of human inter- 
ference occurred, in July, 1954, when the Upper 
Cage 1 was removed in the author’s absence. A new 
eage was attached after twelve days of predation; 
the effect can be seen in Figure 16. 

Besides excluding the whelks the cages gave pro- 
tection from damage by water-borne objects. This 
protection completely altered the appearance of the 
barnacle population. In the two cages which were in 
place for 244 years, barnacles of succeeding settle- 
ments attached to surviving adults and grew higher, 
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sometimes bridging the spaces between the older in- 
dividuals. Examples of this are illustrated in the 
series of photographs in Figure 19. These popu- 
lations rese:nbled the clusters of sublittoral barnacles 
such as Balanus balanus (L.) where three-year-groups 
were found attached to one older barnacle (Barnes 
1953b). This condition did not exist on unprotected 
areas of Balanus balanoides even above the range of 
Thais predation probably because the uppermost bar- 
nacles would be very vulnerable to damage from wave- 
borne objects. 

Sinee this situation was so different after a year’s 
time from the normal one outside the cages, new 
caged squares were established at intervals, beginning 


a year after the first cages had been attached as 
indicated in Table 1. These resembled the natural 


at least a year or more following 
With frequent visits and the addition 
intervals, this method 


areas closely for 
their enclosure. 
of new cages at about yearly 
of predator control very satisfactory. Some 
algal fouling on the cages occurred, especially by 
Porphyra umbilicalis J. G. Agardh; it was easily 
removed and constituted no problem. This fouling 
was much heavier on other cages attached below MTL. 
Limpets were placed inside the cages in the summer 
of 1953 to control the growth of algae which had be- 
gun to grow abundantly in the cages 

Figs. 16, 17 and 18 show the survival of barnacles 
on all the squares at each of the three levels of Area 
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First yeor Second yeor 
Yeors after attachment 
Fie. 17. Survival eurves for Balanus balanoides with 


and without predation on Area 1, Middle level. The 
initial number of barnacles counted is given with each 
curve. 
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Fig. 18. Survival curves for Balanus balanoides with 


and without predation on Area 1, Lower level. The 
initial number of barnacles counted is given with each 
curve. 


1. The density is indicated by the height of the curve, 
the relative death rate at any time by the slope. At 
the end of the 1953 settlement season the density of 
the newly settled barnacles was high at the upper 
and middle levels. At this time the first counts of 
the new set were made on smaller areas, 1.5 to 4.0 
em*, within the original area. After six months the 
numbers had declined, and the counts of the young 
barnacles were made over the whole of the original 
area. For each such area, the end of the survival 
eurve of the barnacles on the small area during the 
first six months was joined to the beginning of the 
curve of those on the larger, original area. The 
height of the curve was determined by the density of 
the later count made over the original area. Thus for 
the 1953 year group, at the upper and middle levels, 
the survival curves are composite ones. All others 


given in this paper were for the same group followed 
from beginning to end. The actual initial numbers 
are given with each curve, including those made at 
age six months as explained above. 

Since each curve is the record of the survival of a 
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group of animals rather than of samples from a 
population, the curve must pass through each point 
exactly. Since no attempt was made to smooth the 
curves, they appear quite angular in Figs. 16-18. 
Some of the changes in slope were probably even 
more abrupt in actual fact, since some factors such 
as wave damage or hot weather probably operate 
over very short periods. 

The relation of mortality to density in the early 
growing stages has already been discussed. A com- 
parison of the slopes of the survival curves of caged 
and uneaged populations indicates that predation was 
a minor factor in causing the mortality during the 
first year above MTL; this was also illustrated in 
Fig. 11. The slopes of the curves first began to 
diverge at the end of the first year; the unprotected 
populations then experienced an increase in relative 
death rate, while that of the protected ones either re- 
mained constant or decreased. The highest death 
rate due to predation, (indicated by the greatest dif- 
ferences in slopes of the two types of curves), oc- 
curred in the summer. 

The variation in structure of the Balanus 
balanoides population at different shore levels on the 
area studied was similar to that described by Moore 
(1934) for the Isle of Man. At the top level of 
Area 1, near HWN, the population consisted mainly 
of large older Balanus balanoides mingled with Chtha- 
malus stellatus. Below HWN, the proportion of the 
older age groups of Balanus dwindled, until near 
LWN only the most recent year class was present ex- 
cept for a short period in the spring when the survi- 
vors of the previous year were mixed with the newly 
settled group. Fig. 9 illustrates the survival on 
Area 3, below MTL. 

To test whether the mortality of barnacles at low 
shore levels was correlated with the abundance of 
Thais, data from Area 3 were anaiyzed. On four 
portions of this area the 1954 settlement was light, so 
that intraspecific crowding was probably not an im- 
portant cause of barnacle mortality. For 
periods between June, 1954 and May, 1955 data on 
both barnacle mortality and Thais density were 
available. Correlations were tested using the Spear- 
man rank correlation coefficient (Siegel 1956) as 
shown in Table 22; significantly positive correlations 
were found in two of the four areas. In all four 
areas, when the barnacle mortality was high, ap- 
preciable numbers of Thais were present. Although 
the analysis is based on few observations, it suggests 
that in the absence of crowding at low shore levels, 
predation is an important cause of mortality. 

On Area 1, it was seen that the death rates for the 
first year of life were not related to predation. 
on the shore, where growth was much more rapid 
and the new set constituted the main proportion of 
the barnacle population, predation began much sooner. 
In 1954, Boulders 1, 2, and 5 of Area 3 were bare 
before settlement so that a completely new set oe- 
curred at this low level. Thais were first observed 
on these boulders after July 10 when the barnacles 
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TABLE 22. Correlation between the percentage mortality of Balanus balanoides and the population density of 
Thais lapillus on Area 3. 
Bou.per 1 BovuLDER 2 BouLpEr 6a Bou per 6b 
Interval No. of Balanus Balanus Balanus | Balanus 
Thais Y% mort./ | Thais | % mort./ | Thais | % mort./ | Thais | % mort./ | Thais 
Censuses month |no./m?| month |no./m?| month j|ro./m?|} month | no./m? 
June 9-July 9, 1954........... 1 2 9 cf 3 5 | 5 1 5 
July 10-Aug. 24, 1954......... 4 10 89 12 93 13 1 6 1 
Aug. 25-Oct. 1, 1954........... 0 9 _ 13 _ 15 7 — 
Oct. 2-Nov. 5, 1954........... 7 27 162 16 66 | 62 | 221 70 221 
Nov. 6-Dec. 13, 1954.......... 4 19 74 13 61 | 21 9 1 9 
Dec. 14, 1954-Feb. 3, 1955... . 2 7 12 24 Lie 14 3 4 A 
Feb. 4-March 16, 1955......... 7 5 28 51 78 | 1] 6 
March 17-May 17, 1955....... 16 36 77 32 45 | 31 | «(2 12 12 
Spearman Coeff. rg........... .786 241 714 471 
(eS D2 SA < .05 >.01 >.05 | .05 > .05 
| * 





were about 8 weeks of age. In 1955, boulders at 
various levels were scraped clean a month before 
settlement. These received their first settlers at the 
beginning of April; whelks were first observed feed- 
ing on the lower of these areas, adjacent to Area 3, 
on May 11, when the barnacles were only 5 to 6 
weeks old. On similarly treated areas above MTL 
no feeding by Thais occurred. 

The difference between the two years, 1954 and 
1955, in the age at which predation began may 
possibly be explained by the differences in distribution 
of Thais. In Fig. 13 it is shown that many fewer 
Thais were present on Boulders 1 and 2 in May and 
June of 1954 than in these months in 1955. Also, 
there were adult barnacles present on these areas in 
1955 but not in 1954 (Fig. 9). It appears that the 
presence of adult barnacles attracted large numbers of 
Thais, which then began to feed on the newly settled 
barnacles, even on adjacent areas from which all 
adults had been removed. In the following discussion 
it will be demonstrated that Thais does tend to feed 
more on adult barnacles so that the presence of 
adults would be expected to attract more Thais. 
Fischer-Piette (1935) noted that Thais did not aitack 
Balanus balanoides until six months after attach- 
ment; no indication of shore level was given, how- 
ever. 

If, whenever it is “hungry,” a Thais feeds on the 
barnacles it is then touching, it would be expected 
to encounter and feed on the various age groups in 
direct proportion to the area covered by each. From 
this hypothesis, some feeding would have been ex- 
pected to occur on the newly settled group on Area 
1. Since this did not happen to any extent, it must 
be concluded that the whelks ignored this young 
group and selected older individuals. These older 
barnacles, besides being larger, had rough shells, 
the upper edges of the wall and opercular plates 
being worn and rounded. This may have enabled 
Thais to distinguish older individuals. 

Besides this evidence of selection some direct ob- 
servations were made in a simpler situation where only 





two age groups were present. In May, 1955, some 
Thais were noticed feeding between MTL and LWN 
on the new set when it was 5-6 weeks old. Some were 
feeding also on survivors of the previous year, al- 
though these comprised only a small proportion of 
the total barnacle cover. The Thais thus had two 
groups of contrasting sizes to choose between. The 
proportions of the area occupied by old and young 
barnacles were determined by laying a meter square 
frame divided into 100 em? squares on the rock, and 
for each small square separately, estimating by eye 
the total barnacle cover, the coverage of the older 
group (their yellow shells contrasted well with the 
white shells of the young barnacles) and the per- 
centage of these older barnacles which were alive. 
By estimating each small square independently it was 
believed that a very close approximation to the true 
proportions was made. On each rock area, one 
horizontal and two vertical transects were made of ten 
such squares. Since at this stage very few young 
were dead, the coverage of living young ones was 
caleulated as the total barnacle cover minus the 
coverage of older barnacles. This estimate of older 
barnacles included both dead and live individuals, so 
that it was multiplied by the percentage alive to 
give the area of living older individuals. The pro- 
portion of live old to live young was then calculated. 
Since some young which had settled inside the dead 
adult shells were missed and some adults killed by 
Thais still had their opercular plates in place, it 
was believed that the error in the measurement tended 
to overestimate the proportion of living adults. 

On the assumption that no selection between the 
two groups by Thais was taking place, it would be ex- 
pected that the Thais actually observed feeding would 
be distributed at random over the barnacles. In 
other words it would be expected that there would 
be a direct relationship between the numbers of Thais 
feeding on each age group and the areas covered by 
each group. To test this hypothesis, on these areas 
each Thais was carefully tilted away from the surface 
to expose the individual barnacle upon which it was 
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TABLE 23. The numbers of Thais observed to be feeding on two age groups of Balanus, compared to those num- 
bers which would be expected if Thais occurred on each age group of barnacles in proportion to the area covered by 
it. 
OBSERVED AND Expectep Numsers oF Thais ror Each DaIty OBSERVATION. TOTAL 
a | N 
l NUMBERS 
| May 18 May 19 May 20 | May 21 May 22 May 24 |——-——_—- 
Obs. Exp. |} Obs. Exp. | Obs. Exp. | Obs. Exp. | Obs. Exp. | Obs. Exp. | Obs. Exp. 
No. of Thais feeding on | 
one year old barnacles:.| 49 12 28 8 25 6 30 7 | 36 9 28 8 | 19% 50 


No. of Thais feeding on 




















newly settled barnacles:| 10 47 11 31 | 6 25 8 31 | 9 36 11 31 55 =. 201 
Total Thais Observed:....| 59 39 | 3l | 38 | 45 39 251 
Chi-square (1 d.f.):.......] 143.20 62.90 | 74.60 | 92.63 | 10% :25 62.90 532.36 
Probability:............. <.001 <.001 | <.001 | <.001 | <.001 | <.001 <.001 
aly Sa’ 1 eR, See PSRs 3 a 5 {Berek esa 
feeding. When a Thais was feeding on a barnacle nacles in a dense settlement tend to stand apart 


the opercular valves were usually opened out, with a 
white “cleaned” spot at the juncture of the valves. 
This spot appears to be made by the whelk in the 
process of opening the barnacle. Since it occurs in 
both old and new barnacles, it made the identification 
of the individual being eaten equally certain in both 
groups. In some instances the Thais was attached 
to the rock surface or to an individual barnacle which 
showed no sign of being attacked. These instances 
were noted as indeterminate, and were not used in the 
calculations. The results of these observations are 
given in Table 23. The total number of Thais feed- 
ing each day would be expected to be divided between 
the two barnacle groups in proportion to the areas 
occupied by them if there was no selection. Com- 
parison of the expected and observed distributions 
(chi-square) showed that selection was certainly tak- 
ing place; the whelks were consistently choosing the 
adult barnacles. The heterogeneity chi-square was 
4.12, p=0.50, affirming this conclusion. 

Some areas, adjacent to those just discussed, hav- 
ing been scraped clean before the 1955 settlement 
began, were covered only by newly settled individuals. 
The whelks feeding on these individuals, which were 
then 5 to 6 weeks old, seemed from casual observation 
to be eating the larger of these barnacles. To test this 
observation, on these areas each Thais was lifted as 
before and the individual being eaten was identified 
and measured. On the same day a piece of the rock 
was chipped off from the same area and was brought 
into the laboratory where all the individuals on a small 
area were measured to indicate the size variation in 
the total prey population. Measurements were made 
on six days. Combining all measurements, those rep- 
resenting the whole prey population yielded an 
average length of 2.0 mm, range 0.8 to 3.7 mm. Of 
those being eaten by Thais, the average length was 
2.8 mm, range 1.7 to 3.8 mm. The difference between 
the two sets of measurements was found to be highly 
significant (p = .00003), using the Mann-Whitney U 


test (Siegel 1956). Since those being eaten 
were not apparently rougher or more’ eroded 
than the smaller individuals, size alone seems 
to be the stimulus to the whelk. Large _bar- 


as individuals in comparison to the many average- 
sized individuals around them, and this may create a 
spatial discontinuity acting as a tactile stimulus to 
Thais. This situation is illustrated in Fig. 7. 

Little information was obtained coneerning the 
feeding rate of different sized whelks. As shown in 
Table 18, the whelks which were less than 1.7 em in 
height in experiment 5 ate at a slower rate than did 
the larger ones. In the other experiments, however, 
where the sizes were not so different, the correlation 
was less clear. It is obvious that there was much 
individual variation among whelks of about the same 
size. 

There was no obvious correlation between the size 
of the whelk and that of its prey. In the observations 
on size selection of barnacles 5-6 weeks old, the size 
of some of the whelks was measured at the same 
time as that of the barnacles being fed upon. The 
average size of the 55 whelks measured was 27.1 mm, 
all but nine being between 25 and 30 mm. The aver- 
age length of the killed barnacles was 2.8 mm. The 
very large or small whelks showed no consistent 
relation to the.size of their prey. A seatter diagram 
of size of whelk vs. size of the barnacle being fed 
upon showed no trend, but only a cluster of points 
near the average sizes of the two animals. The ex- 
treme individuals showed irregular behavior. 

One other aspect of whelk behavior which might 
have a bearing on the selection of larger barnacles 
is the habit-forming behavior described by Fischer- 
Piette (1935). Fischer-Piette described how the 
whelks have difficulty in changing their food 
from barnacles to mussels. The mussels were 
usually drilled through but barnacles were only 
rarely drilled. In the present study a few 
barnacles were found drilled through one opercular 
valve or, once, through the side wall; these were in a 
eage below MTL in which only very small whelks 
were present. More usually, the opercular valves 
were opened in the same way as the barnacle opens 
its own valves, that is to say, outward. As pointed 
out earlier, barnacles which have been. opened by 
Thais usually show a small white area at the juncture 
of the two opereular valves, which is formed by the 
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removal of the outer layer of shell so that a smooth 
“cleaned” spot remains. 

The method of opening barnacles thus appears to be 
very different from the drilling of large mussels and 
may well require some “learning,” as described by 
Fischer-Piette. In the present study, the only very 
large barnacles which were found below MTL to- 
gether with dense Thais populations were in rock 
spaces kept clear by Patella vulgata on a reef other- 
wise covered with mussels. Here it might be that the 
whelks had formed the habit of eating mussels and so 
ignored the few barnacles. 

It was decided to test the possibility that the choice 
of larger, eroded barnacles in preference to the 
smoother newly settled individuals was due to a habit, 
developed after feeding in late autumn and early 
spring on these older barnacles. The method of feed- 
ing was not different, as in the mussel-barnacle situ- 
ation described above, but direct evidence was judged 
desirable. Therefore during observations in May, 
1955, individuals feeding on older barnacles were 
marked with brown paint, and those feeding on newly 
settled barnacles with red. Of the 25 whelks marked 
as feeding on older barnacles, 1, 5, and 2 individuals 
were observed during the next three observations 
feeding on new barnacles; conversely, of the 21 
whelks originally feeding on new barnacles, 5, 7, and 
3 were found feeding on older barnacles in the next 
three observations, respectively. Thus about a quarter 
of the whelks changed the size of their prey over a 
period of three days. The preference shown for 
older barnacles does not appear to be due to a pre- 
formed habit. 


TABLE 24. 
and Northern France. 
salinity. 
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The advantage to Thais of selecting large barna- 
cles as prey is evident if it can only open a fixed 
number of barnacles in a given time, as the evidence 
from the feeding experiments indicated. Since Thais 
selects the larger barnacles, the danger from this 
predation increases with the age of the barnacle. 
Only in a narrow zone above MHWN are the bar- 
nacles free from predation by Thais. Thus the vari- 
ation in the age structure of the Balanus population 
at different shore levels appears to result principally 
from the variation in distribution of Thais. This 
was shown in the caging experiments on Area l, 
where the age structure of the population in the high 
zone above MHWN was reproduced inside cages lower 
down after two year’s protection from Thais preda- 
tion. 

This selection by Yhais of large sized barnacles 
may explain a conflict in the literature concerning the 
growth rate of Balanus balanoides at different shore 
levels. Moore (1935b, 1936a) collected barnacles at 
various localities and levels in summer, and separated 
them into two age groups, the current year’s set, aged 
2 to 3 months, and the previous years’ sets of 14 
months or older. Hatton (1938) followed the growth 
at three levels on the shore for 3 years, while Barnes & 
Powell (1953) measured individuals on intertidal 
panels attached to a pier for 1 1/2 years. The level 
at which the largest average size occurred at ages of 
2 1/2 and 14 months respectively is given for each of 
these studies in Table 24; the largest barnacles in the 
first growing season were almost always low on the 
shore, but in the second season there was great varia- 
bility. In the studies of Moore and Hatton, the lo- 


A comparison of the average sizes of Balanus balanoides at different intertidal levels in Great Britain 
Measurements of young and adults were made under various conditions of wave action and 
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Location and Authority Collecting Stations | Environmental each location 
| Conditions 
Age 2-3 | Age 14 
months | months 
-—_—_—_| -|— a aacsatammeed stlebanihciatieileltheatistipeniiniale si einmertimenontagi odie 
Plymouth, England. | Hen Point. | Brackish water Low | Low | Absent 
Moore, 1936a 
| Tinside, Drake Is., Normal salinity | Low or About the Common 
Misery Pt. | Middle same at all 
levels 
Isle of Man, Irish Sea Bradda Head Heavy wave action | Low Low Few 
Moore, 1935b 
Dub Reef, Port St. | Moderate to few | Low - | High Common 
Mary waves 
St. Malo, No. France | Du Ue Ouest Heavy waves | Low Low | Few 
Hatton, 1938 | 
Decolle Est Sheltered | Low High | Common 
| Cite Sheltered, strong | Low | High | Common 
current | | 
Millport, Scotland | Panels on Keppel Sheltered, strong | Low | Low | Absent 
Barnes & Powell, 1953 Pier current 





| 
! | 





Nore: Size was expressed in tissue weight by Moore and in linear dimensions of the shell by the other authors. 
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cations with strongest wave action, or where the water 
was brackish, continued in the second season to have 
the largest barnacles at low levels, while in protected 
areas or at normal salinities, the situation was re- 
versed. At Millport, the barnacles were always larg- 
est at low levels. 

Moore thought that the growth of older barna- 
eles might be retarded by a harmful factor in sea 
water, which would operate longer at low levels, but 
would be offset by the greater food supply in wave 
beaten places or in brackish estuaries where suspended 
matter was abundant. There is as yet no evidence for 
this hypothesis. Sokolova (1951) found that Balanus 
balanoides in Russia (Aretie Ocean) grew faster at 
low levels during their second summer. 

Barnes & Powell (1953) showed that the specific 
growth rate was inversely proportional to the size of 
the barnacle. They suggested that the better growth 
which Moore and Hatton found at high levels in the 
second season resulted from the 
growing faster because they were smaller at the 


smaller barnacles 
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Fig. 19. The effects of protection from predation and 
damage for 2 1/2 Photographs of the Middle 
Control 1, left, and Middle Cage 1, right, were taken 
at intervals throughout the study. The dimensions of 
the area represented by the photographs are about 16 


years. 


x 7 centimeters. 

start of the second season. This is undoubtedly true, 
but it does not explain why the high level ones should 
be larger than those lower down. Although the high 
level barnacles studied by Barnes & Powell showed 
a slightly higher specific growth rate in the second 
season’s growth, the absolute growth rates were about 
the same on their highest and lowest panels, nos. 3 and 
7, so that the difference between the average sizes 
on these panels was the same at age 18 months as 
it was at 9 months, the barnacles at the low level 
still being larger. 

An alternate explanation might be follows. 
Predation by Thais tends to eliminate the larger in- 
dividuals and so would reduce the mean length. Since 
this predation occurs much more heavily at low than 
at high levels, the average size at the low levels might 
well be found to be smaller than at higher levels in 
the second season. Where predation is light or absent, 
the effect of longer feeding time would continue to 
favor growth at low levels so that at the end of the 
the average size would _ still 

The rather larger decreases 
in average found by Hatton (1938) at 
low levels thought by him to be due 
to irregularities in shape or erosion; measurements 
of a single barnacle made by Hatton & Fischer-Piette 
(1932) showed this. However, Deevey (1947) sug- 
gested in reference to the data of Hatton (1938) 
that there may have been a greater mortality of older 
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individuals from unknown caus2s. From the present 
evidence, this would appear to be the case, with 
predation the cause. 

Moore (1935b, 1936b) observed that Thais was ab- 
sent or less common in brackish water or in very 
wave beaten situations. Assuming that this was so 
at the three locations studied by Hatton, the relative 
abundance of Thais has been deduced and the esti- 
mates included in Table 24. The places where Thais 
was relatively more common were also those where 
the average size was smaller at low levels. Thus the 
differing results seem to have been due to variations 
in selective predation. When studying the growth 
rate of an animal it is therefore important to estab- 
lish that any mortality which oceurs is random with 
respect to size. 


THE PROPORTION OF THE ToTAL Mortality oF Balanus 
CAUSED BY PREDATION AND OTHER Facrors 


With the data collected on the numbers and feed- 
ing rates of Thais over two years on Area 1, it was 
possible to calculate the number of barnacles which 
could have been eaten -by the observed population of 
Thais per unit area and time. This was done for 
periods of three months’ duration, regarding January 
through March as the winter season when the sea 
water temperature was lowest (Barnes 1955), and 
the other seasons accordingly. 

Since the total mortality rate of the barnacles dur- 
ing each of these seasons was also known, the mor- 
tality which could be accounted for by predation by 
Thais was expressed as a proportion of the total rate. 
In addition, some mortality occurred inside the cages 
on Area 1, presumably from agents other than large 
predators or damage from floating objects. In- 
traspecific competition for space, disease, parasites 
and the effects of weather were possible causes of this 
mortality. This “caged” mortality rate was also ex- 
pressed as a proportion of the total mortality rate oc- 
curring outside the cages. Thus the total mortality 
rate of Balanus during each season at each level was 
divided into three fractions: that which would have 
occurred even with protection by cages, that due to 
predation by Thais, and a remainder which may have 
been due to other predators or damage. 

A correction had to be applied to the feeding 
rates of Thais given in Table 18 before they could be 
used in this calculation. The rates gained from Thais 
enclosed in cages included both periods of feeding 
and “resting.”’ However, the Thais counted on the 
vertical surface of Area 1 were undoubtedly engaged 
in active feeding. For example, in the summer, the 
average feeding rate of Thais in cages was 1.9 “bar- 
nacles per day. However, since Thais fed only about 
60% of the time in summer, the rate during this 
active period was 3.17 per day; thus for each. season 
the feeding rates were corrected using the proportion 
of time spent feeding as given in Table 21. These 
corrected rates are given in Table 25. As shown in 
this table, for both the autumn and winter, feeding 
rates from two separate experiments were available. 





CONNELL Ecological Monographs 

Vol. 31, No. 1 

TABLE 25, Corrected feeding rates (No. of Balanus 

eaten by one Thais per day) at the level of Area 1. The 

rates from Table 18, experiments 3 to 5, are here re- 

ealeulated to eliminate the periods spent ‘‘resting’’ be- 
tween feeding excursions. 























Winter | Spring | Summer | Autumn 
Average Feeding 
rates, from 
Table 18: 
Exp.3..| 0.05 1.45 0.9 
Exp.4..| 0.37| 0.44 0.8 
Exp. 5.. 1.9 
Mean of these rates:} 0.21 0.44 1.9 0.85 
Fraction of time 
spent feeding | 
(from Table 21).| 0.13 | 0.30 0.60 0.46 
Feeding rate (per 
day) during the 
period of active 
ee See eee 1.62 1.47 3.17 1.85 
Same rate per 90 
ee 145. 132. 285. 166. 














For the summer, the rate from experiment 1, lower 
on the shore, was very close to that of experiment 5. 
Only one estimate is available for the spring, from 
experiment 4. The average of this rate with that of 
the summer from experiment 5 is 1.17; this average 
shows fair agreement with that of 1.45 over the spring 
and summer from experiment 3. 

In making the calculation, the number of barna- 
cles which could have been eaten by Thais was sub- 
tracted first from the total number which had died. 
Then the number which would have died even if the 
area had been protected by cages (calculated from 
the relative mortality of those in cages) was sub- 
tracted, leaving (sometimes) a remainder. Some of 
the barnacles which supposedly died from causes in- 
cluded under “caged” mortality might have been killed 
by the various deleterious factors, such as predation 
and damage, which operated only outside the cages. 
A correction was made for this, thereby increasing the 
proportion of the total mortality due to factors oc- 
curring outside the cages. 

There are several possible sources of error in these 
calculations. Individual variations occurred in the 
feeding rates of Thais, as shown in Table 18. It is 
felt, however, that these were not extreme, and were 
probably not biased in one direction. All sizes of 
Thais which occurred in any abundance on Area 1 
were used in the feeding experiments, and two in- 
dependent estimates were available for each season 
except spring. The most divergent estimates were 
those in the winter. The proportion of time which 
Thais spent in feeding in the summer was estimated 
in two independent ways (Tables 19 and 20). The 
extension to the other seasons (Table 21) may have 
introduced some error, since the calculation was based 
on the assumption that seasonal differences in abun- 
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dance were the result of differences in the frequency of 
feeding rather than of mortality. The estimates of 
population density of those Thais which were seen 
feeding in different seasons were based on many 
censuses, but these were not made with equal fre- 
quency in all seasons. In addition, the fact that Thais 
sometime occurred in groups rather than being dis- 
tributed at random would reduce the aceuracy of the 
censuses. 

From all these considerations, it appears that the 
information about Thais is most accurate for the sum- 
mer, and somewhat less so in the autumn. In the 
spring only one separate feeding rate is available, 
but as discussed previously, it is probably not greatly 
in error. The winter rates were quite different in the 
two experiments, but errors in this season were 
rendered less important since the numbers of Thais 
which were active at this season were small (Fig. 14) 
and so contributed little to the mortality of the bar- 
naeles. 

By comparison, the estimates of the mortality of 
the barnacles were much more accurate. For the 
uncaged areas there were at least two replicates at 
each level. For the first year there was only one cage 
at each level; in later years more cages were added. 
The data from areas caged for more than about one 
year were not used, since the age structure of these 
populations had become very different after being 
protected for this length of time. The only exception 
to this procedure was at the lower level, where only 
one cage was present; the barnacles became densely 
crowded after the autumn of 1954. This is probably 
the only instance where the caged population is not 
representative of the natural population. In the rest 
of the estimates, the total mortality and the portion 
representing “caged” mortality are probably accurate 
ones, while the fraction representing mortality from 
Thais is a less accurate estimate. Only those bar- 
nacles aged 6 months and older were included in 
these caleulations. As shown in Figs. 16-18, barnacles 
less than 6 months old were not fed upon by Thais 
on Area 1. 

As shown in Fig. 20, the effect of Thais was greatest 
in the summer. At every level in both summers (ex- 
cept at the lower level in 1953), Thais could have ac- 
counted for all the mortality of Balanus balanoides. 
In some other seasons, especially when the amount of 
“caged” mortality was high, Thais also accounted for 
most of the remaining mortality. There was a “re- 
mainder,” unaccounted for by Thais, in 5 of the 6 
winter periods at all levels, and in certain of the 
other cooler seasons. This may perhaps be attributed 
to damage during severe gales. 

The proportions given in Fig. 20 included all bar- 
nacles older than six months. If those aged be- 
tween 6 and 18 months were considered separately 
from the older ones, differences in the proportions 
were found. As was shown in the survival curves of 
Figs. 16-18, the mortality inside the cages was very 
low after the age of 18 months. In these older bar- 
nacles the only seasons when the “caged” relative mor- 
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Fig. 20. Proportions of the total mortality of Balanus 
balanoides, over 6 months old, in each season on Area 1, 
which could be ascribed either to predation by Thais 
lapillus or to faetors which operated inside the cages. 
See text for further explanation. 


tality rate exceeded 12% were the autumn of 1953 and 
the spring of 1955; mortality during the latter period 
has already been discussed. In contrast, the “caged” 
relative mortality rate of the younger group was 
generally high, the average mortality rate per season 
in the cages being 23.5% for the young group as com- 
pared to 9.8% for the older group. 

With regard to predation, the evidence that Thais 
selects larger barnacles as prey was used as follows. 
It was assumed that Thais attacked members of the 
older group first. For each and level the 
number of barnacles calculated as having been eaten 
by Thais was compared to the number of the older 
group dead in excess of “caged” mortality. In all 
instances the former number was greater; in other 
words, Thais could have accounted for all the mor- 
tality of older barnacles in excess of the “caged” 
mortality. It is improbable that Thais accounted for 
every such death, but when it is considered that older 
barnacles with heavier shells are much less likely to 
be damaged by objects thrown about by waves, the 
likelihood is high that Thais is the main cause of death 
in older barnacles below MHWN level. 

As discussed earlier, in the summer of 1958 the 
population density of Patella vulgata was much lower 


season 








100 


than it had been in 1955, and the cover of Fucus was 
greatly increased. The age structure of the Balanus 
balanoides population was much different also. The 
mean densities (no./100 em?) on Area 1 in July, 
1958, for the 1958, 1957, and 1956 year groups were, 
respectively, 74, 270 and 2; obviously the 1958 settle- 
ment had been very light. The high proportion of 
the 1957 year group, (then just over one year old), 
to the oider groups was also unusual. In the 
summers of 1953, 1954 and 1955, the densities 
of one year/older year groups were respective- 
ly, 223/77, 157/17 and 300/26, with an 
average of 228/40. Thus the value of 270/2 
in the summer of 1958 shows a much lower proportion 
of barnacles aged two years or more. This low value 
for the older barnacles was not due to poor settle- 
ments, since the 1955 and 1956 settlements on other 
areas were good (Table 9). Hummocking was never 
seen on Area 1, so that the low density of these age 
groups was probably not due to intense intraspecific 
crowding. From the previous evidence that Thais 
selected larger barnacles it was natural to ascribe the 
low proportion of older barnacles to increased preda- 
tion by Thais. The average densities of Thais on the 
same three levels of Area 1 in which the densities of 
Balanus were calculated, for the summers of 1953- 
1955 were 12, 14 and 4 per 0.2 m?, respectively; for 
the summer of 1958 it was 16. The slightly higher 
density of Thais in 1958 may be indicative of greater 
predation, but no direct evidence is available on den- 
sities of Thais earlier in the year, when the mortality 
of the older barnacles must have occurred. Some in- 
direct evidence exists, however, which suggests that 
the Thais population may have been higher on Area 
1 since the previous winter. 

In the censuses of Thais made in the summer of 
1958 it was noticed that many Thais occurred on the 
barnacles beneath the cover of Fucus. To test whether 
the Thais tended to occur more densely under the 
Fucus canopy than in the open, the total number at 
each level in ten observations was divided into the 
proportions in which the surface was covered by 
Fucus or bare. These are the numbers which would 
be expected if the distribution of Thais bore no rela- 
tionship to that of Fucus. These numbers were com- 
pared (chi-square) to those observed under the Fucus 
canopy and in the open. At every level more Thais 
were observed to be under the algae than would be 
expected in a random distribution. The total chi- 
square probability was less than 0.0005; the Thais 
evidently tended to oceur more densely under Fucus. 
Most of the smaller Zhais found on Area 1 in the 
summer of 1958 were under the Fucus canopy. Moore 
(1938b) found very young Thais only near the bottom 
of the shore; evidently young Thais are less tolerant 
of dry conditions. An increased coverage of Fucus, 
such as had occurred on Area 1 since the summer of 
1957, would thus render the area more favorable for 
younger Thais, so increasing the total numbers of 
Thais. If this oceurred, heavier predation on the 
older groups of Bavanus would be expected to follow. 
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with the resultant effects on the age structure of the 

Balanus population seen in the summer of 1958. 


DISCUSSION AND CONCLUSIONS 


While the various environmental factors measured 
in this study have been shown to cause much mor- 
tality, other “intrinsic” causes may have been im- 
portant. Pearl & Miner (1935) cite the rate of liv- 
ing and genetic constitution as the two main endoge- 
nous causes of death. Neither from the present study 
nor from previous work on this species has any in- 
formation been found concerning genetic factors. 
With regard to the rate of living, relative growth was 
found to be faster at low levels in the first year, at 
high levels later (Barnes & Powell 1953). Rate of 
activity, as represented by cirral beat, was studied by 
Southward (1955), for barnacles from different shore 
levels. Balanus balanoides gave ambiguous results; 
the cirral beat was faster in those from low levels soon 
after collection, but the differences disappeared after 
a short time in the laboratory. In any ease, cirral 
beat may not be a good measure of activity in natural 
conditions. Observations were made at Millport of 
Balanus balanoides just after the rising tide had 
covered them on a calm day. They extended their 
cirri stiffly facing the current, retracting after ir- 
regular intervals of up to twelve seconds, presumably 
after having caught a particle of food. Similar be- 
havior under natural conditions has been described in 
Chthamalus stellatus (Crisp 1950). Segal, Rao & 
Thompson (1953) found that limpets and mussels 
taken from lower levels had faster heart beat and 
water propulsion, respectively, even after acclimation 
in the laboratory. Acclimation was achieved within 
a month when limpets were transplanted in the field. 
It is obvious that, as yet, the extrinsic and intrinsic 
causes of mortality in barnacles cannot be separated. 

As a means of summarizing the changes in popu- 
lation density which occurred at various levels during 
this study, the cumulative curves of Figure 21 have 
been plotted. Three locations were selected to il- 
lustrate the differences between shore levels, these 
being the top and middle levels of Area 1 (both caged 
and uneaged areas at the middle level), and two 
boulders from Area 3. These represented the upper 
and lower limits of distribution (except for scattered 
individuals) of Balanus balanoides, together with a 
mid shore level where successful predator control had 
been exercised for the entire period of study. 

Fig. 21 illustrates several points dealt with pre- 
viously. Barnacles live shorter lives at the lower levels, 
never more than two year-groups being present to- 
gether. At the top levels, early mortality may result 
in only a few barnacles surviving after a year, but 
these may then live for a long time. ‘The “dominance” 
of the 1952 year-group is shown. 

At the middle level, the survival of older barnacles 
protected from predation was almost equal to that 
at the higher levels, but the early survival was better, 
probably owing to the less extreme physical condi- 
tions. This resulted in more equal representation of 
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Fig. 21. Cumulative curves of the numbers of Balanus 
balanoides present at various shore levels; the height 
of each level is given, in feet above or below MTL. The 
upper portion of the curves just after settlement have 
been omitted in some eases; the densities reached have 
been indicated. For comparison, the 1952 settlement 
has been shaded in all instances. 


each age group as compared with the higher leveis. 
On the natural area unprotected from predation there 
were usually two year groups present, three at times, 
in contrast to the low levels. 

In comparing the caged and uncaged areas at the 
middle level of Area 1, it is apparent that there was 
not much difference in the numbers of barnacles pres- 
ent, although the age structure of the population was 
very different. However, the older barnacles, being 
larger, occupied more surface space and represented 
a greater biomass per unit area owing to their greater 
height. To illustrate this quantitatively, measurements 
were made from a photograph (shown in Fig. 19), 
of these two areas made February 18, 1955, after 
the barnacles in Middle Cage 1 had been protected 
for 2 1/4 years. Surface areas covered by each 
age group were 
a relative measure of volume, the surface area of 
each age group was multiplied by the average height 
This average height was deter- 


measured with a planimeter. As 


of the same group. 
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mined by first obtaining the average length of the age 
group from the photograph. Then measurements of 
length and height of a group of Balanus balanoides 
collected from Area 1 in August, 1958, were made. 
From these data, an average height was determined 
for each age group, using the average length ob- 
tained from the photograph. 

This calculation of volume can be used to com- 
pare different age groups only if the barnacles do 
not change shape as they grow. In the measurements 
made by Barnes & Powell (1953) of barnacles grow- 
ing without crowding on panels, the barnacles became 
squatter as they grew, average length/height ratios 
of 2.4 and 3.3 being found at average lengths of 3.1 
and 6.0 mm, respectively. In the present measure- 
ments of barnacles collected from Area 1, the bar- 
nacles changed shape only slightly: average length/ 
height ratios of 1.7 and 1.6 were found with average 
lengths of 2.6 and 6.6, respectively. This difference 
in the reverse direction was probably the result of 
moderate crowding on Area 1. Since the barnacles 
change shape only slightly under these conditions, a 
valid comparison may be made between the calculated 
volumes of the different age groups. 

The comparative measurements of number, surface 
area and relative volume for the different age groups 
with and without predation are given in Fig. 22. With- 
out predation a greater volume (standing crop 
biomass) was supported by the same area while pro- 
viding less bare rock surface for settlement of the 
new age group later in the spring (although some 
settlement may occur on the shells of the older bar- 
nacles). Since the number of larvae produced is 
proportional to the volume (Moore 1935a, Barnes 
1953a), the effect of predation was to reduce greatly 
the larval output as well as the standing crop. Since 
there was usually a great oversupply of larvae seek- 
ing places to settle, the predation probably was not 
enough to limit recruitment. But by providing more 
space for new settlement and removing the older bear- 
nacles that grew more slowly, predation by Thais may 
have increased the rate of production of biomass. 
Therefore the predators, by selecting the larger bar- 
nacles, may have evolved a method of harvesting tend- 
ing toward the “optimum yield.” This provides an 
example from a natural population paralleling that 
of the artificial predation on fish by fishermen using 
nets which select the larger sizes. Fishermen, of 
course, strive for an optimum yield, with varying 
success. 

In discussing the mortality at high shore levels, it 
was shown that annual variations in the mortality and 
strength of successive year classes were greater there 
than at lower levels. As can be seen in Fig. 21 more 
extreme variations occur at than at 
levels. At the higher level the fluctuations were un- 
doubtedly due to chance occurrence in the weather, 
such as occurred in the spring of 1955, although even 
less extreme conditions could probably cause de- 
struction in young At the low 
overpopulation led to the formation of unstable “hum- 
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mocks” since growth was faster at these levels. In 
addition, the numbers of Thais showed greater fluctua- 
tions at low than at mid shore levels, as shown in 
comparing areas 3 and 1, Fig. 13. Thus fluctuations 
in the physical factors decrease toward lower levels 
while variations in the biotic factors, such as crowd- 
ing and predation, decrease at higher levels. Since 
mortality at high levels is due mostly to physical 
factors (there being little evidence of predation from 
the land, by mammals, birds, ete.), while mortality 
at low levels is mainly due to biotic factors, the damp- 
ing of the fluctuations in both these as mid shore 
levels are approached tends to result in less vari- 
ability in the mortality here. The intertidal zone of 
Balanus balanoides is thus bounded by physical factors 
at the top and biotic ones at the bottom, with fluctua- 
tions in mortality caused by these factors being great- 
est at the limits and decreasing toward the mid tide 
region. 


SUMMARY 

The accessibility and sessile nature of intertidal 
barnacles allowed very accurate records to be made 
on recruitment and survival under natural conditions. 

Recruitment occurs as settlement after a planktonic 
larval period. The population density of Balanus 
balanoides after settlement was determined by the 
space available and the mortality during or just after 
settlement, rather than by a limited supply of larvae 
from the plankton, in most of the years studied. At- 
tached larvae were killed during warm weather, but 
once metamorphosed, most early mortality was a re- 
sult of damage from wave-borne material. Those 
young barnacles in hollows suffered least, so that the 
settlement density on a surface was partly a function 
of the proportion of protected sites. Larvae were 
liberated by adults into the plankton at intervals. 
Some of the first settlers were smaller and did not 
survive well, while those arriving later in the season 
were forced to settle in less favorable sites and suffered 
heavier mortality. Limpets damaged newly settled 
barnacles, but no other animals appeared to cause 
mortality at this time. 

When the barnacles began to grow they soon 
touched each other at moderate population densities. 
Crowding then ensued, and barnacles were killed 
when they were undercut and displaced, smothered, 
or crushed by growing neighbors. In the first grow- 
ing season, mortality was greater when population 
density was higher. At low shore levels the relative 
growth rate was faster and crowding and mortality 
were consequently greater. Crowding also resulted 
in some barnacles assuming unstable growth forms. 
These barnacles were detached in later storms and 
so there was sometimes a lag in the mortality due 
to crowding. Growth was slower in later years, and 
older barnacles were affected by crowding only when 
young barnacles attached themselves to the older 
ones and smothered them. When barnacles were pro- 
tected from predation in cages, the mortality de- 
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balanoides on two adjacent areas, Middle Cage 1, left, 
and Control 1, right, after the former had been pro- 
tected from predation for 2 1/4 years. The data were 
taken from a photograph made on February 18, 1955, 
shown in Figure 19. 


creased during the first winter and increased slightly 
during the next spring and summer, decreasing in 
the following years. This is also the pattern of 
growth, and indicates that intraspecific competition 
for space had a great effect on survival during the 
first year of life. 

The upper shore limit of distribution was probably 
set by adverse weather conditions. Most of the 
mortality there occurred in the first year of life. 
Occasional periods of warm, calm weather may kill 
most of the younger barnacles at high levels; the er- 
ratic nature of this factor produces dominant year 
classes there. 

The most important predator was a gastropod, 
Thais lapillus. It did not occur as high on the shore 
as Balanus, and was scarce below the lower limit of 
Balanus. It was less abundant during the winter and 
spring, which is its spawning season. In summer 
it fed about 60% of the time, and moved about 10 
em per tide, with much variation. Its feeding rate 
on barnacles was greatest in summer, probably due 























January, 1961 
to the greater frequency of feeding excursions at that 
time. 

From experiments where Thais was excluded from 
small populations of Balanus it was discovered that 
Thais selected the larger barnacles as prey; direct 
observations confirmed this finding. This behavior ac- 
counts for the changes in age structure of the bar- 
nacle population at different shore levels. Above 
the upper limit of Thais distribution several year 
groups of barnacles occurred together. Lower on the 
shore the older barnacles were selected by Thais and 
the number of concurrent age groups was less there. 
Near the lower limit of Balanus distribution where 
fewer older barnacles occur, predation began earlier 
in the life of the barnacles. 

Previous studies of the growth rate of Balanus 
made by measuring samples of the population re- 
sulted in erroneous conelusions, partly because the 
mortality at lower levels (with Thais predation) was 
not random with respect to size. 

Calculations of the proportion of the total mor- 
tality caused by predation by Thais showed that in 
the summer it could account for all of the mortality 
of barnacles older than six months. In other seasons 
it was less important. Annual variations in the in- 
tensity of predation occurred. 

The evidence from the measurement of feeding 
rate of the predators suggested that they could open 
only a certain number of barnacles per day, regard- 
less of size. If so, it provides evidence for the selee- 
tive advantage to Thais of a behavior trait for select- 
ing larger barnacles as prey. In addition, the evolu- 
tion of such a trait would tend to increase the produc- 
tivity of the barnacle population, by providing pro- 
portionately greater space for new settlers which grew 
relatively faster. Thus this behavior tends to pro- 
duce the “optimum yield” for the predator popu- 
lation. 

The barnacle zonation on the intertidal shore seems 
to be bounded at the top by deleterious physical fae- 
tors (weather), at the bottom by biological ones (com- 
petition for space and predation). The fluctuations 
in these factors were greatest at the upper and lower 
limits; the recruitment and mortality were less vari- 
able at the middle shore. 
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